TRANSFORMATIONS OF ORGANIC AND INORGANIC PHOSPHORUS IN ESTUARINE PARTICLE- WATER SYSTEMS by Zhao, Jin Bo
TRANSFORMATIONS OF ORGANIC AND INORGANIC PHOSPHORUS IN 
ESTUARINE PARTICLE- WATER SYSTEMS 
by 
Jin Bo Zhao 
A thesis submitted to the University of Plymouth 
in partial fulfilment for the degree of 
DOCTOR OF PHILOSOPHY 
School of Geography, Earth and Environmental Sciences 
Faculty of Science and Technology 
November 2009 
Author's Declaration 
At no time during the registration for tlie degree of Doctor of Philosophy has the 
author been registered for any other University award without prior agreement of 
the Graduate Committee. This study was financed with the aid of a scholarship 
from the University of Plymouth and by the author's parents. 
Relevant scientific seminars and conferences were regularly attended at which 
work was often presented; external institutions were visited for consultation 
purposes and papers were prepared for publication. 
The work presented in this thesis is primarily the work of the author except where 
specified. 
Word count of main body of thesis: words 
Signed: 
Date:.. 
Ill 
Transformations of organic and inorganic phosphorus in estuarine particle 
water systems 
Abstract 
Jin Bo Zhao 
This thesis describes methodologies to detemiine organic and inorganic phosphorus in 
water and discusses biological, physical and chemical controls on the transformations of 
organic and inorganic phosphorus in laboratory microcosms of estuarine particle-water 
systems. Phosphorus is an important nutrient and the accurate determination of 
phosphorus species in natural waters is essential for understanding the biogeochemical 
cycling of the element. Chapter one reviews phosphorus impacts on water quality and 
relevant UK legislation, the sources, speclation and fractionation of phosphorus, the 
sediment/water phosphorus cycle and analytical methods for the determination of 
dissolved Inorganic phosphorus (DIP) and organic phosphorus (DOP) species In natural 
waters. 
Chapter two introduces the technique of segmented flow analysis and describes 
methods for the determination of inorganic phosphorus and total dissolved phosphorus 
after autoclaving. Segmented flow analysis is suitable for determining inorganic P and 
organic P species in freshwaters in the range of 1 - 300 pg P L"\ Calibrations were linear 
(R^ > 0.997) over the range 0.5 - 100 pg P L'^  with good precision (RSDs < 3 %). The 
LCD was 0.4 pg P L'^  for DIP and 3 pg P L'^  for DOP. The recoveries of 7 model organic 
phosphorus compounds (adenosine-5-triphosphate di-sodium salt (ATP), phytic acid 
(PTA), sodium tripolyphosphate (STP), methyltriphenylphosphonium bromide (MPT), 
p-nitrophenyl phosphate magnesium salt (p-NPP), p-D-glucose-6-phosphate 
monosodium salt (G-6-P) and cocartjoxylase (COCA)) were all > 90 %. 
Chapter three reports on bacterial uptake studies of phosphorus species in a plug-flow 
microcosm. Experiments using inert Duran and Siran beads as supports for bacterial 
bioflim development showed similar P uptake behaviour. Glucose-6-phosphate was 
almost fully utilised and converted to DIP after 3 days suggesting that labile organic 
phosphorus species could be a bioavailable source of P for bacteria. Phytic acid (a 
refractory P compound) released significant concentrations of DIP to the water column 
due to physical displacement. 
Chapter four describes phosphonjs transformations in a sediment-water flume due to 
turbulent resuspension events. The released DIP concentration had a strong linear 
relationship with shear stress in pure water and artiflcial seawater. However, no 
signtflcant relationship between DOP release and shear stress was observed. The 
sediment type and the water matrix significantly affected the magnitude of DIP and DOP 
release to the water column. 
Chapter flve extends the investigation of P exchange to constant resuspension events. 
The water matrix had a significant effect on the rate of DIP and DOP release from 
sediment and the sedimentAvaler equilibration time. Typically 6 - 12 % of total 
phosphorus in the sediment was released as DIP and DOP into the water column. When 
orthophosphate and phytic acid were added to both UHP and river water. SPM was able 
to buiffer theses additions. However, the SPM buffering capacity was much lower for 
G-6-P. The buffering capacity of the SPM for phytic acid was significant and permanent 
in UHP and biotic river water, whereas phytic acid was cycled in the abiotic experiments. 
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Chapter 1. The biogeochemisty and determination of 
organic and inorganic phosphorus species in estuarine 
systems 
1.1 Phosphorus in the aquatic environment 
1.1.1 Impact of phosphorus on water quality 
Phosphorus is a non-metallic group V element with atomic number 15 and a 
relative atomic mass of 30.97. It is ubiquitous in the environment and essential for 
life (Thurman, 1985), being a component of adenosine triphosphate (ATP) the 
fundamental energy source in living things (Smil, 2000). In natural waters, 
phosphorus is often the limiting nutrient, i.e. algal growth is limited by the supply 
of phosphorus. The uptake of nutrients by biomass occurs in the approximate 
C:N:P atomic ratio of 100:16:1. Typically, phosphorus concentrations in natural 
waters are much lower than those of nitrogen and carbon. 
Phosphorus is a nutrient required by living organisms but it can also be 
considered a pollutant if present at high concentrations under specific 
environmental conditions. The addition of excess P to natural waters is one of the 
worid's most serious environmental problems because of its contribution to the 
eutrophication process. Eutrophication can lead to algal blooms that can increase 
turbidity in the water column, reducing light availability and causing oxygen 
depletion, biomass decomposition and a change in pH. Eutrophication means "an 
increase in the nutrient supply, or loading, over and above the basic supply from 
the undisturbed surroundings or from its previous condition" (Edmondson, 1991). 
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From an ecosystem point of view, eutrophication can be defined as nutrient or 
organic matter enrichment, or both, that results in high biological productivity and 
a decreased volume within an ecosystem (Edmondson. 1991). Eutrophication 
can be divided into cultural eutrophication and natural eutrophication. 
Natural eutrophication results from natural inputs such as forest fires, landslides 
and floods, and can cause a sudden increase in nutrient fluxes (Edmondson, 
1991). Cultural eutrophication results from anthropogenic inputs such as 
agriculture run off, industrial waste and sewage treatment plant effluent and often 
provide steady, slow and gradual input to water bodies, v^ich does not allow the 
system to equilibrate (Pettyjohn, 1972). Cultural eutrophication can be divided 
into point sources and non-point (diffuse) sources. Point sources are mainly 
wastewater from waste water treatment plants (WWTPs) and industrial 
processes, leakage from animal waste storage facilities and sewered urban 
runoff (see section 1.1.2). Non-point sources of phosphorus include; agricultural 
runoff, fertilizers used for agriculture, erosion and sedimentation due to human 
activities (digging or dredging), atmospheric deposition and direct input by 
livestock. 
E U laws and regulations increasingly drive environmental legislation in the UK. 
E U Directives are often implemented through existing UK laws, but new 
legislation is sometimes necessary. International Conventions are integrated into 
UK law in the same way (Fig. 1.1). The main vrater quality legislation in the E U 
and the UK and their provisions are shown in Table 1.1. In the UK, the 
Environment Agency operates a General Quality Assessment (GQA) scheme for 
rivers and canals, but not as yet for lakes. The scheme provides a way of 
comparing river quality from one river to another and detecting changes over time. 
For the GQA of nutrients, the classification method uses grades from 1 to 6 (see 
Table 1.2) and descriptors for both phosphorus and nitrogen. A 'high* descriptor 
for phosphorus is used for concentrations above 0.1 mg L'\ which is considered 
indicative of possible existing or future problems of eutrophication. However, the 
Environment Agency states that high concentrations of phosphorus do not 
necessarily mean that a river is eutrophic and that other factors have to be taken 
into account such as the amount and type of algae present, flow rates and 
dissolved oxygen concentrations. Table 1.3 shows the classification of trophic 
states in UK and Fig. 1.2 shows the average orthophosphate concentration in UK 
rivers from 1980 - 2002. The Urban Waste Water Treatment Directive (UWWT) 
91/271 sets limits for nutrients in drinking water of < 50 mg L'^  nitrate and/or < 2 
mg L'^  phosphate (Department for the Environment Food and Rural Affairs, 
2004). 
International Legislation EU Legislation 
' 1 ' 
UK Legislation 
I 
Department for Environment, 
Food & Rural Affairs 
BwironmCTt Agency EngPdj Nature 
I Water Quality | | Nature Conservation] [Agriculture^ 
Fig. 1.1. The framework for implementation of international and EU legislation in the UK. 
Adapted from Chave (2001) 
Table 1.1: Water Quality Legislation In the UK. 
EU England Relevant Provisions 
Water Act 1989 
Water Resources Act 1991 
Creation of national Rivers Authority, 
Nitrate. Sensitive Areas, Water 
Protection Zones, Statutory Water 
Quality Objectives 
Environment Act 1995 Creation of Environment Agency 
Directive on Nitrate Pollution Designation of Nitrate Vulnerable 
Nitrates 1991 Regulations 1996 Zones 
Directive on Urban 
Waste Water Treatment 
1991 
Urban Waste Water 
Treatment Regulations 1994 
Designation of Sensitive Areas, 
Reduction of N & P in sewage effluent 
Water Framework 
Directive 2000 
Water Environment (Water 
Framework Directive) 
Regulations 2003 
River basin management, 'good' 
status for all waters, monitoring 
programme 
Table 1.2: General Quality Assessment (GQA) phosphorus classification for rivers and 
canals. Adapted from Environment Agency (1998) 
Classification Grade limit (mg/l) average Description 
1 <0.02 Very low 
2 >0.02 to 0.06 Low 
3 >0.06 to 0.1 Moderate 
4 >0.1 to 0.2 High 
5 > 0.2 to 1.0 Very high 
6 > 1.0 Excessively high 
Table 1.3: Classification of trophic states (Dodds et al., 1997; Environment Agency, 1998; 
Smith et a M 9 9 9 ) . 
Trophic State TP(ngPL-^) DIP* (MgPL-^) 
Oligotrophia 
Mesotrophic 
Eutrophic 
<25 
2 5 - 7 5 
>55 
0 - 1 2 
12-24 
>24 
*based on annual mean concentration (boundary concentration). TP: total phosphorus; 
DIP: dissolved inorganic phosphorus. 
0.80 
0.70 
060 
aso 
-g. 0.40 
2 a30 
1" 0 . 20 
o 
0.10 
0.00 
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Y e a r 
Fig. 1.2: Average orthophosphate concentrations in UK rivers 1980 and 1990 - 2002 (data 
from Department for the Environment Food and Rural Affairs (2003). 
The recent Water Framework Directive (WFD) provides a framework for the 
control of pollution, so as to maintain and improve the ecological quality of all 
surface waters (Chave, 2001). The WFD includes the implementation of a 
monitoring and classification system for surface waters followed by a qualitative 
and quantitative assessment of point and diffuse sources of pollution that may 
affect ecological quality (ENDS Report, 2000). The ultimate aim of the WFD is for 
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all E U waters to achieve 'good ecological quality*, which is broadly defined as that 
which aWovjs aquatic ecosystems to be self-sustaining ( E N D S Report, 2002a; 
ENDS Report, 2002b). The programme required by the W F D is likely to pose 
several difficulties which will necessitate considerable negotiation before the final 
version comes into force. First, the definition of 'good ecological quality' contains 
a large number of rather vague terms such as 'resemble' and 'normal', which may 
cause some difficulty in legal and scientific interpretation (ENDS Report, 2003). 
Second, in the UK, a system of biological assessment is not sufficiently refined to 
be applied to such a wide-ranging programme of monitoring. Third, the WFD 
tends to assume that the biological effects of all pollutants are fully understood, 
which is not the case (ENDS Report, 2004). 
According to the E C UWWT Directive, the P concentration in sewage and 
industrial effluents must be less than a limit concentration (1 - 2 mg L" )^ 
determined by population density (Withers and Muscutt, 1996). The N:P ratios 
over the past 15 years has been increased (Environment Agency, 1998). The 
WFD has set targets for reaching or maintaining at least 'good' ecological status, 
including nutrient status, in all surface waters and to comply with any 
standards/objectives for E U 'Protected Areas' by the year 2010 (Malnstone and 
Parr, 2002). Regular monitoring of the nutrient species, such as filterable reactive 
phosphorus (FRP) , total phosphorus (TP), nitrate/nitrite, ammonia and total 
nitrogen (TN), along with other physico-chemical parameters. Is necessary to 
establish baseline conditions and to allow regular assessment and classification 
of water quality. 
1.1.2 Sources of phosphorus in the aquatic environment 
The total phosphorus load in a river originates from many sources. These 
include: 
• The leaching and weathering of igneous and sedimentary rocks such as 
calcium hydroxyapatite. fluorapatite, strengite, whilochite and beriinite; 
• The decomposition of organic matter containing phosphorus compounds, 
either weakly associated with the organic material or chemically bound to 
it: 
• Effluents of domestic or industrial origin including and in recent years, 
waste from fish farms; 
• Diffuse inputs from agricultural land due to inorganic fertilizer use and 
organic manure application (Cole et al., 1990); 
• Mineralization of labile organic phosphorus, which can occur by enzymatic 
hydrolysis of ester-bound organic phosphorus without the release of 
carbon (biochemical mineralization), or through decomposition of organic 
material where cariDon is released (biological mineralization). 
Point source inputs such as water treatment plants are of greater significance 
during periods of low flow and in dry years. In wetter years and during storm 
events diffuse inputs. Including surface runoff, subsurface runoff, and 
groundwater runoff or as direct wet and dry deposition, are the dominant 
phosphorus sources. The in-stream concentration of phosphorus increases 
during storm events and, even in situations where this increase is marginal, the 
effect on nutrient loading is significant because of the higher flow. Allowance 
must be made for this variation in the design stage of any monitoring programme. 
As a minimum requirement data should be collected for wet, normal and dry 
periods (Robards et al., 1994). 
1.1.3 Biogeochemical cycling of phosphorus in the aquatic 
environment 
Figure 1.3 shows a schematic diagram of phosphorus cycling In an estuarlne 
ecosystem. Catchment runoff is the main source of phosphorus in estuaries and 
deposition / settling of suspended particulate matter is the major pathway for 
phosphorus transfer from water to sediment. As shown In Fig. 1.3. bacteria can 
convert dissolved organic phosphorus to dissolved inorganic phosphorus. The 
question of whether organic phosphorus species are bioavailable, i.e. can be 
utilised by plants and algae is still a matter of debate (Quiquampoix and Mousaln. 
2005; Whitton et al.. 2005). Under aerobic conditions, excess phosphorus 
stimulates the growth of water plants and algae. Bacteria in the sediment can 
decompose the organic waste, consuming oxygen, and releasing more Inorganic 
phosphorus, which is known as "recycling or internal cycling". However, it is not 
known whether this process also releases organic phosphorus. Some of the 
phosphate can be precipitated as iron (III) oxyhydroxides (Fe-O-OH) and stored 
In the sediment where it can then be released If anoxic conditions develop. 
Phosphorus which remains In an estuary may become permanently trapped in 
undisturbed sediments in the form of insoluble calcium compounds (Emsley, 
1980; Mitchell and Baldwin. 2005; Worsfold et al.. 2008). 
Under anaerobic conditions, oxygen Is consumed by bacteria as they decompose 
the waste, carbon is converted to methane gas instead of carbon dioxide and 
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sulfur Is converted to hydrogen sulfide gas. Some of the sulfide may be 
precipitated as iron sulfide. Under anaerobic conditions, the reduction of Fe(lll) to 
Fe(ll) releases bioavailable inorganic phosphorus from Fe(lll) phosphate 
precipitates in the sediment to the surrounding porewater and ultimately into the 
water column (Emsley, 1980). 
Run oft 
River estuary 
Land 
SunlQht 
Sea 
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tjacteria 
I 
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Deetfi and exoeton (jeposit 
t 
Surface sedimenf (ox V t turbulence DlSSOived P 
Biofeirbation Gasebulhton 
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Fig. 1.3: A schematic diagram Illustrating of the sediment/water phosphorus cycle. 
1.1.4 Phosphorus speciation and fractionation 
Phosphorus species can be characterised by a number of operationally defined 
fractions. Organic phosphorus defines all forms of phosphorus that are directly 
included in cartxDn-based molecules. The most common organic P compounds 
are nucleic acids, phospholipids, inositol phosphates, phosphoamides. 
phosphoproteins, sugar phosphates, phosphonic acids, organophosphate 
pesticides, humic and fulvic acid associated organic phosphonjs compounds and 
organic condensed phosphates. The particulate phosphorus fraction comprises 
material of biological origin (animal, plant, bacterial), weathering products 
(primary and secondary minerals) and authigenic minerals formed by direct 
precipitation of inorganic phosphorus or sorption to other precipitates (Denison et 
al., 1998; McKelvie et al., 1995). The most common inorganic P compound is 
orthophosphate but condensed inorganic phosphorus species also exist, e.g. 
polyphosphate, cyclic metaphosphates. 
The terminology of phosphorus speciation is complex and can be misleading 
(Fang, 2004). For example, molybdate-reactive phosphorus is often assumed to 
be equivalent to the "inorganic phosphorus" fraction but it may contain acid-labile 
colloidal and organic phosphorus. Similariy, the molybdate-unreactive 
phosphorus fraction is often termed the "organic phosphorus" fraction, despite 
the possible presence of condensed inorganic phosphorus species. For specific 
compounds or fractions terms such as reactive, filterable and dissolved are often 
used interchangeably. The definitions used in this thesis are shown in Fig. 1.4. All 
water samples were filtered through 0.2 \im cellulose acetate membranes to 
remove inorganic particles and organic particles such as bacteria. The inorganic 
phosphorus fraction in the dissolved phase is defined as molybdate reactive 
phosphorus (MRP) and the organic phosphorus fraction is defined as the 
difference between TP (following suitable digestion) and MRP. In this thesis the 
term phytic acid (C6Hia024P6) is used to describe myo-inositol hexakisphosphate, 
or phytate when in the salt fomi. 
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Water sample 
Filtralion through 0.2 \im 
cellulose acetate membrane 
I 
Dissolved fraction 
Inorganic P Organic P 
=MRP = T O P - M R P 
Fig. 1.4: Schematic diagram of operationally defined phosphorus fractions. MRP: 
molybdate reactive phosphorus; TOP: total dissolved phosphorus. 
1.2 Organic and inorganic phosphorus exchange between 
sediment and water 
Phosphorus exchange between SPM (suspended particulate matter) / sediment 
and the water is complex, involving a number of physico-chemical and biological 
processes Including; desorption, llgand exchange, dissolution of precipitates, 
mineralization, release from living cells and autolysis of cells (Louchouarn et al., 
1997). 
1.2.1 Physico-chemical processes 
The main physical factors enhancing phosphonjs exchange between 
SPM/sedlment and water are molecular diffusion, increased temperature, water 
turbulence, gas ebullition and bioturbation (Fig. 1.3). Resuspension Increases the 
SPM surface area to water volume ratio and therefore facilitates P release from 
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the surface of the particles back Into the water column (Kleeberg and Gruneberg, 
2005). Biogeochemical factors that have been identified as controlling SPM / 
sediment exchange are: pH, redox potential (Eh), nitrate and sulfate 
concentrations, physical mixing and biological activity (Kleeberg and GrOneberg, 
2005). 
The phosphate ion ( P 0 4 ^ ) is a highly particle reactive form of phosphorus In 
waters, and is easily readsorbed onto inorganic particles, mostly bound to Fe(lll), 
Al, Mn, Mg and C a containing mineral phases (Friedrlch et al., 2002). Therefore 
concentrations of these metals in the sediment and the water column influence P 
exchange and retention capacity. Humic material also acts as a sink for 
phosphorus due to its tendency to chelate F e bound to P (Bostrom et al., 1982). 
In sediments, the settled particulate Inorganic P Is Fe- , AI-, Mn-, Mg- and 
Ca-bound, whereas particulate organic P consists of living and dead algae, plant 
debris, zooplankton, bacteria and detritus (House et al., 1995). Part of the settled 
particulate P behaves as inert material and Is buried in its original form, whereas 
another fraction (consisting of more mobile P species) Is involved in various 
physico-chemical and biological processes before final burial as Inert material 
(GlanI et al., 2001). Mobile pools of loosely sorbed P, Fe-bound to P and fresh 
organic P can constitute over 50 % of the surface TP but are largely depleted 
below a depth of a few cm (Rydin, 2000). The non-mobilised, buried P consists 
mostly of stable minerals such as apatite and refractory organic P (Pettersson. 
2001), whereas the Fe-bound P constitutes only a minor fraction of the total P 
burial flux (Santschi et al., 1990). 
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Particulate matter in the water column is the main source of organic P to 
sediments (Rusch et al., 2000) . Organic matter is mineralized during sinking, but 
a substantial portion of the settled particulate organic matter decomposes within 
the sediments in relatively shallow environments (Gardner et al., 1994). In 
estuaries, however, the sedimentation of particulate matter can be accentuated 
by salt-induced flocculation of colloidal and particulate matter containing P; 
further, the dissolved P may precipitate on Fe(lll) oxides. Precipitation on Fe(lll) 
oxides (Friedrich et al.. 2002; Redfield et al., 1937) Is a major binding P process 
In deeper waters where biological uptake is minimal (Sondergaard et al., 1996; 
Sondergaard and Worm, 2000). An increase In temperature results in enhanced 
biological activity and indirectly affects P concentrations in the water column 
(Perkins and Undenwood, 2001). 
Under conditions of higher pH (e.g., during high primary production) the 
P-binding capacity of F e and Al containing minerals decreases due to ligand 
exchange reactions in which hydroxide ions replace orthophosphate ions 
(Anderson, 1975; Boers, 1991). while the extent of dissolved P reprecipitation 
with Fe(lll) containing minerals is limited (Koskl-Vahala et al., 2001). 
Generally speaking, aerobic conditions promote P sorption and anoxic conditions 
favour P release (Hupfer et al.. 2004), as discussed in section 1.2.2. At low redox 
potentials < -200 mV, this release is controlled by the redox potential and the 
Fe/TP ratio, i.e. the availability of P binding sites (Perkins and Underwood, 2001). 
Normally In a river or a lake system, increased concentrations of labile 
sedimentary organic matter lead to higher sediment O2 consumption and 
eventual depletion of dissolved O2 in bottom waters, weakening the ability of 
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sediments to retain nutrients. Sediments are normally considered to act as "sinks' 
for P. However, some physical and biogeochemical processes affect P release 
back into the water column, such as re-suspension of particles (Chambers et al.. 
1995; ConleyetaL, 1995; Fox etal., 1986; Lebo. 1991). 
Another chemical processes is abiotic degradation of organic phosphorus 
compounds by hydrolysis and photolysis. Photolysis only plays a significant role 
in the breakdown of organic phosphorus in areas exposed to sufficient light 
penetration of appropriate wavelengths, such as tropical surface waters. In temns 
of sediment/water systems, hydrolysis plays a more important role and normally 
requires enzymes, such as phosphatases, nucleases or phytases or catalysts 
such as strong acids or bases. 
1.2.2 Biological processes 
Microbial activity can mobilise sediment-bound P through mineralization 
processes (Marsden, 1989), the rate being dependent on the P content of the 
organic substrate and the growth rate of the mineralising bacteria. Bacterial 
activity can also mobilise the P pool indirectly, by nitrate consumption and sulfide 
and methane fomriation, thus affecting the redox potential. pH and other factors 
that are significant for P equilibration (Bostrom et al.. 1982). In nature, P is 
predominantly in the +V oxidation state (Miettinen et al., 1997) and the phosphate 
ion does not participate directly in redox reactions in sediments but the redox 
conditions do affect the P binding capacity (Gu et al., 1995). 
Most live bacteria have a low P content but some bacteria accumulate 
polyphosphate intracellulariy in large amounts, i.e. up to 20 % of their dry weight 
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(GSchter et al., 1988). These bacteria store P under aerobic conditions and 
release intracellular P via enzymatic hydrolysis when conditions turn anaerobic. 
In organic rich sediments, microorganisms are able to take up and release P, 
depending on redox conditions, and sterilization of oxic sediments can reduce the 
microbial uptake of P (GSchter et al., 1988). Polyphosphates, synthesised by 
most bacteria, perform many physiological functions, such as chelating cations, 
storing phosphorus and buffering (Komberg and Fraley, 2000). 
In the Tamar and Plym estuaries an increase in water column P concentration 
usually occurs during summer and autumn, as a result of efflux from 
sediment/SPM, when the external P load is low due to the low river discharges. 
Two main factors contribute to this process. Firstly the settling of dead 
phytoplankton provides a fresh energy source for microorganisms, which in turn 
enhances microbial activity in sediments in summer (Mozeto et al., 2001). 
Second, the near-bottom dissolved oxygen concentration decreases in summer 
due to consumption of sedimentary organic matter, causing anoxia at the 
sediment-water interface, thus favouring the release of P (Miller, 1999). 
1.3 Analytical methods for the determination of organic and 
inorganic phosphorus in natural waters 
1.3.1 Inorganic phosphorus 
Different phosphorus species are operationally defined by the techniques used to 
separate and quantify them. Ortho-phosphate is the most commonly measured 
phosphorus species and is usually detected using the "molybdenum blue" 
15 
reaction with spectrophotometric detection. The chemical basis of this method is 
the formation of 12-molybdophosphoric acid and reduction in the presence of 
antimonyl ions by either ascorbic acid or tin(ll) chloride followed by 
spectrophotometric quantification of the intensely coloured phosphomolybdenum 
blue species. 
PO,^~ -\-\2MoO,^~ +27//* -^HyPO.iMoOy)^^ + \2H^O 
12-molybdophosphoric acid 
H^PO^{MoOi)y2 + REDUCTANT -> Phosphomolybdenum Blue 
A range of molybdate concentrations and pH are reported in the literature (Table 
1.4) but a key factor is the acid/molybdate ratio which is recommended to be in 
the range 70 -75 (Dnjmmond and Maher. 1995). 
There are many methods available for the detemnination of phosphorus 
concentrations in water, but the most popular method is spectrophotometry. Two 
automated spectrophotometric techniques are available, segmented flow 
analysis (SFA) (Flow Access, 2001; Riley and Rocks, 1983) and flow injection 
analysis (FIA) (Fang, 1995; McKelvie et al., 1989; Omaka, 2005; Ruzieka and 
Hansen, 1974; Tuckwell, 2008). In this thesis segmented flow analysis has been 
used because a fully automated, high throughput instrument operating in an 
accredited environment was available and a standard USEPA method was used 
as the basis for sample digestion and SFA analysis. The SFA was equipped with 
a 300 sample capacity autosampler and was able to run unattended overnight. 
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Table 1.4: Molybdenum blue method. Variations in final reagent concentrations and molar 
absorptivities. adapted from (Drummond and IVlaher. 1995). 
Ascorbic 
pH (mM) MoO/' (nM) HI MoO/" Sb (mM) add(mM) 
-0.03 1080 11.2 
0.4 400 
0.4 400 
0.22 600 
0.4 400 
0.4 400 
0.7 200 
5.46 
5.46 
9.59 
5.44 
5.6 
2.61 
71.4 
73.3 
73.3 
70.1 
73.5 
73.3 
76.6 
0.07 
0.32 
0.82 
0.04 
0.06 
0.05 
11.4 
23 
2.3 
5.7 
0.4 
10.7 
(Fogg and Wilkinson. 
1958) 
(Murphy and Riley, 
1962) 
(Hanwood et al.. 1969) 
(Going and 
Eisenreich. 1974) 
(Goossen and 
Kloosterboer. 1978) 
(Towns, 1986) 
(Grasshoff. 1976) 
1.3.2 Organic phosphorus 
To determine organic phosphorus species the P-O-P, C-O-P and C-P bonds 
need to be broken down to release inorganic phosphorus, which is then detected 
using the molybdenum blue method. The main approaches are: acidic and 
alkaline peroxydisulfate oxidation, continuous flow UV irradiation and 
high-temperature combustion (HTC). Various researchers have investigated the 
effect of peroxydisulfate concentration and pH (acid or alkaline) on the recovery 
of dissolved organic and total dissolved phosphorus from particulate material. 
Menzel and ConA^ in (1965) first used autoclaving with acid peroxydisulfate for the 
digestion of seawater samples. The autoclaving process is a chemical oxidation 
process resulting in the breakdown of organic phosphorus compounds and the 
quantitative conversion and release of the organic P as inorganic phosphate. 
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This breakdown is facilitated by potassium peroxydisulfate (an oxidant) that is 
reduced to highly reactive free radicals writhin the aqueous solution (Maher et al., 
2002). Free radicals are atoms, molecules or ions with unpaired electrons which 
are highly reactive and readily break down C-P bonds (e.g. i ' ). 
The input of heat accelerates the reduction of the oxidant into these free radicals. 
The effectiveness of the autoclave procedure in releasing P from organic matter 
depends on the oxidant concentration, the digestion temperature and the nature 
of the sample matrix. There are various acid peroxydisulphate methods, but they 
all have the same aim, to ensure that complete oxidation of organic material, 
hydrolysis and release of inorganic P before the peroxydisulfate is fully 
decomposed (Baldwin, 1998; Denison et al., 1998). 
Reeve (1994) developed a modified version of the original Menzel and Corwin 
method (1965), using K2S2O8 Instead of 0.8 g (NH4)2S208. Worsfold et al. 
reported a further modification. Potassium peroxydisulfate 0.8 g and 1 mL of 0.5 
M sulphuric acid were added to a 20 mL water sample and autoclaved for 45 min 
at 121 (Worsfold et al., 2005). Six model phosphorus compounds [potassium 
dihydrogen orthophosphate (KHP), adenosine-5'-triphosphate (ATP), 
cocarboxylase (COCA), methyltriphenylphosphonium bromide (MTP), phytic acid 
(PTA), and sodium tripolyphosphate (STP)] were studied using this method and 
all recoveries were quantitative. A summary of various digestion methods for the 
determination of phosphorus in natural waters is given in Table 1.5. 
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Table 1. 5: Acidic and alkaline peroxydisulfate autoclave digestion methods for the determination of phosphorus in natural waters. Adapted from 
(Worsfold et al.. 2005). 
' with recoveries given in parentheses when reported 
Matrix DIgostlon Roactant Digestion 
time 
pH Model Compounds* Comments and roforonco 
Drainage waters Digestion reagent: 5g KzSjOa and 5 mL 
4.5 M H2S04 in 100 mL distilied 
deionised water. 4 mL reagent added to 
50 mL sample 
30min Not reported Not reported (Nguyen and Suklas, 2002b) 
Drainago waters 
Estuarino 
Waters 
0 . 1 5 g KJSZOB and 1 mL 0.5 M H2SO4 1 h 
added to 2 0 mL sample 
8 mL of 5 % KZSIOB added to 5 0 mL 1 h 
seawater 
Not reported Not reported 
Final pM 1.5-1.8 Orthophosphate, phenylphosphoric 
phenyiphosphorous add 
acid. 
(Stmard et al.. 2000) 
autoclaving time was increased from 30 min to 1 
h. Quantitative recovery for model compounds at 
the 50 MQ P level. (Menzel and Corwin, 1965) 
30 min Fresh and Acidic peroxydisulfate digestion 
soawator reagent: 5g K2S2O8 and 5 mL 4.5 M 
HjSO* in 100 mL distilled deionised 
water. 4 mL reagent added to 50 mL 
sample. Alkaline peroxydisulfate 
digestion reagent: 5 g K2SzOp and 3 g 
HjBOj in 100 mL 0.375 M NaOH. 5 mL 
reagent added to 50 mL sample 
Fresh waters Digestion reagent: 40 g KjSjOfl and 9 g 1 h 
NaOH in 1 L distilled water. 5 mL 
reagent added to 10 mL sample 
For alkaline Model compounds added to demtneralised water 
method, initial pH and seawater2-AEP (108, 77. 108, 88%), PTA 
ca. 9.7. final pH (100. 70, 101, 95%). 5'-GMP-Na2 (99, 93. 100, 
4-5 94%), PC (98. 37. 99, 96%), FMN (99. 99. 100, 
97%), G-6-P-Na (100. 95. 101, 92%), AMP (99, 
94. 100. 93%). RP (100. 94. 103. 95%). 
PEP-3CHA (100. 100. 101. 101%), p-GLY (99. 
100.100. 96%) 
Initial pH 12.8. National Bureau of Standard Reference Material 
final pH 2.0-2.1 1571 orchard leaves (98%), National Institute of 
Environmental Studies (NIES) Reference 
Material N0.I pepper bush (96%). NIES 
Reference Material No.2 pond sediment (100%), 
NiES Reference Material No.3 chlorella (100%) 
ali of concentration 50 mg L' \ Model 
compounds;5'-ATP-Na2 (99-100%). S'-ADP-Naj 
(98%). TSPP (99-100%). SHMP (94-97%), STP 
(96-97%). G-6-P-Kj (99-102%) 
Recoveries in parentheses are in the order: acidic 
deminerallsed water, acidic seawater, alkaline 
demineralised water, alkaline seawater. Acidic 
and alkaline peroxydisulfate methods compared 
to continuous flow UV irradiation and high 
temperature combustion. Alkaline peroxydisulfate 
method recommended for marine waters. 
(Jenkins. 1986) 
Analysed for TN and TP. (Kerauel and Aminot, 
1995) 
Frosh waters 1 g KaSjOj and sufficient HjSO* to make 
the sample 0.15 M acid 
2 h Not reported Not reported (Langner and Hendrix, 1982) 
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Matrix DIgostlon Roactant Digestion 
timo 
pH Model Compounds* Comments 
Lake waters 'Strong' acid: 2 5 mL 18 M HjSO* and 1 
mL 18M HNOj in 1 L deionised water.1 
mL 'strong' add and 2.5 ml aqueous 
4% w/v K J S J O B added to 2 5 mL sample 
30min Not reporled Dipotassium hydrogenphosphate (100%), STP 
(100%). AMP (100%) 
Compared UV digestion to autoclaving. 
Recoveries for lake water samples were 100% for 
the peroxydisulfate digestion and 97% (or the UV 
digestion. (HosomI and Sudo, 1086) 
Lako, rivor and 
pond waters, raw 
sowago 
Natural wators 
Digestion reagent: 55 mL H2S04 and 60 1 h 
g KsSjOa In 1 L solution. 2.5 mL reagent 
added to 35 mL sample 
Digestion reagent: 0.15 g K2S20e and 1 45 min 
mL 0.5 M HjSO*. 1 mL reagent added to 
20 mL sample 
Natural wators Acidic peroxydisulfate digestion 
reagent: 5 g KrSjOa and 5 mL 4.5 M 
H2SO4 in 100 mL distilled deionised 
water. 0.8 mL digestion reagent added 
to 10 mL sample. Alkaline 
peroxydisulfate digestion reagent: 50 g 
K2S2O8. 30 g H3BO3 and 350 mL NaOH 
in 1 L distilled deionised water. 1.3 mL 
digestion reagent added to 10 mL 
sample 
Not reported G-1-P-K2 (97.5%). G-6-P.K2 (105%). DNA 
(sodium salt) (115%), AMP (95%). 5'-ADP-Na2 
(102.5%). SOP (100%). P-GLY (107.5%), TSPP 
(62.5%), STP (110%). SHMP (100%). disodium 
hydrogen orthophosphate (97.5%) 
Not reported G-1-P (101.0%). G-B-P (103.1%). ATP (101.6%), 
NPP (101.9%). cAMP (101.8%). O-GLY 
(102.3%). myo-inositol 2-monophosphatB 
(97.4%). PTA (85.6%). 2-AEP (99.2%). TSPP 
(99.5%). STP (97.7%). triscdium 
trimetaphosphate (98.8%). KHP (99.1%) 
30 min For alkaline NPP. a-GLY. 6-6-P. tripotyphosphate. 
method, initial pH trimetaphosphate. ATP, 5'-GDP. 2-AEP. 
ca. 9.7, final pH Recoveries shown on a figure, so precise values 
4-5 cannot be given. In general, recoveries ca. >58% 
for acidic method and ca. >26% for alkaline 
method. 
Autoclave method was compared to the hot-plate 
H2S04/K2S20a digestion. Autoclave method 
gave more precise values for model compounds 
than the hot plate procedure. (Gotterman et a!.. 
1978) 
(Goulden and Brooksbank, 1975) 
Compared acidic peroxydisulfate (Koroteff, 1983) 
and alkaline peroxydisulfate (Valderama, 1981) 
autoclaving methods with magnesium nitrate 
high-temperature oxidation. magnesium 
peroxydisulfate high-temperature oxidation, and 
UV oxidation. Magnesium nitrate 
high-temperature oxidation was found to be the 
best method. (Jeffries et al.. 1979) 
Surface runoff 0.5 g KsSsOs and 1 mL H2SO4 solution 
(300 mL cone. H2SO4 In 1L distilled 
water) added to 50 mL sample 
30 min Not reported Not reported (Denison etaL. 1998) 
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Matrix Digostion Roactant Digostion 
timo 
pH Model Compounds* Commonts 
Turbid lake and Optimum digestion reagent: 0.27 M 
rivor waters K2S30a and 0.24 M NaOH. 2 mL reagent 
added to 10 mL sample 
1 h Final pH 2 NIES No 3 Chlorella (89-101% up to 100 pg P L ' ' ) 
and No 2 Pond sediment (98-104% up to 60 pg P 
L ', and 88% at 100 pg P L-1). Model compounds 
added to distilled and lake water: KHP, G-6-P 
(113%). PTA (101%). a - G L Y (108%). PEP 
(103%). 2-AEP (104%), PFA (106%), 
O-ptiosphonyl ethanolamine (109%). SHMP 
(114%), aluminium phosphate (23%) 
Compared alkaline peroxydisulfate autoclaving 
method to microwave and hot-ptate digestion and 
Kjeldahl digestion for TN and TP. Results showed 
that all methods used were suitable for turbid lake 
samples when suspended material Is of biological 
origin. (Woo and Maher, 1095) 
Turbid lake and Optimum digestion reagent: 0.27 M 
rlvor waters KjSjOs and 0.24 M NaOH. 2 mL reagent 
added to 10 mL sample 
1 h Final pH 2 NIES No 3 Chlorella (99-101% up to 100 pg P L*') 
and No 2 Pond sediment (98-104% up to 60 pg P 
L ' \ and 88% at 100 pg P L 'Y Model compounds 
added to distilled and lake water KHP (93-99%). 
PTA (93-106%), 2 ^ E P (93-101%). a-GLY 
(94-102%), PFA (93-105%). 
0-phosphonylethanol (91-106%). PEP (93-117%) 
Compared alkaline peroxydisulfate autoclave 
method to microwave digestion, and similar 
results were found. (Lambert and Maher, 1992) 
Turbid lako Digestion reagent: 9 g NaOH. and 40 g 
waters K2S2O8 in 1 L water. 2 mL reagent 
added to 10 mL sample 
1 h Not reported NIES No 3 Chlorella ( 9 4 - 1 0 7 % up to 100 pg P L \ 
and 9 0 % at 2 5 0 pg P L ' ' ) and No 2 Pond 
sediment ( 9 2 - 1 0 9 % up to 1 0 0 pg P L ' , and 88% 
at 2 5 0 pg P l \ Model compounds added to lake 
water: KHP ( 9 9 % ) . STP ( 9 6 % ) , AMP ( 9 4 % ) , 
P - G L Y ( 1 0 3 % ) 
Compared alkaline peroxydisutfate method to 
nitric acid-sulphuric add digestion method . 
Results showed no significant difference between 
the two methods. (Maher et al., 2002) 
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1.4 Project aims and objectives 
The aim of this project was to design analytical methods for detemiining organic 
and inorganic phosphorus species in waters and apply these techniques to study 
the dynamics of organic and inorganic phosphorus cycling in estuarine 
environments. Waters and sediments from the Tamar and Plym estuaries in SW 
England were collected and used as model systems. The specific objectives to 
achieve this overall aim were to; 
Optimise a segmented flow analyser manifold to minimise matrix interference 
and give a sensitive (LOD < 3 ng P L'^ ) and reproducible (RSD < 5%) 
determination of DIP in estuarine waters. 
Develop an autoclave method, based on USEPA Persulfate Digestion Method 
365.1, to quantitatively convert organic phosphorus species to inorganic 
phosphate. Select suitable model P compounds, representing a range of labile 
and refractory organic phosphorus compounds, to evaluate the recovery of the 
method for natural waters. 
Investigate bacterial uptake of organic and inorganic phosphorus species in a 
plug-flow microcosm over short timescales (minutes - hours) using two types of 
glass beads (Siran and Duran) and 3 phosphorus compounds (potassium 
dihydrogen phosphate, glucose-6-phosphate (representing a labile P compound) 
and phytic acid (representing a refractory P compound). 
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Simulate the physico-chemical conditions in a macrotidal estuary, within the 
timescale of a tidal cycle, in the laboratory using a mini-annular flume and 
investigate the effect of turbulent resuspension events (e.g. wind, storm and 
tidally induced turbulence) on the release of inorganic and organic phosphorus 
from sediment to the water column under different shear stresses. 
Investigate the short (16 h) and longer term (72 h) exchange of inorganic and 
organic phosphorus between SPM/sediment and three different water matrices 
(UHP water, biotic river water and abiotic river water), and the behaviour of the 
three P compounds during an estuarine resuspension event using a constantly 
stirred batch reactor. 
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Chapter 2. Analytical methods for the determination of 
inorganic and organic phosphorus in natural waters 
2.1 Introduction 
The aims of the work described in this chapter were to; (1) develop and evaluate 
a suitable autoclave method to quantitatively convert organic phosphorus (P) 
species to inorganic P, and (2) optimise a segmented flow analyser method for 
the direct determination of inorganic P in natural waters and the indirect 
determination of organic P in autoclave digests. Optimisation of the autoclave 
procedure is discussed, the instrumentation, procedures and analytical figures of 
merit for the segmented flow analyser method described, silicate and arsenate 
interferences quantified and the effects of autoclaving reagents on the blank 
signal studied. 
2.2 Experimental 
2.2.1 Reagents and samples 
Before use, all laboratory glassware, bottles and containers used for sampling, 
sample storage and experiments were left to soak in nutrient-free detergent (10 % 
Decon®-Neulracon) for 24 h, and then rinsed 3 times in ultra-pure water {<, 18.2 
Mn cm'\ UHP water, Elga). They were then left to soak in 10 % v/v HCI for a 
minimum of 24 h and subsequently rinsed 3 times with UHP, dried at room 
temperature and stored in resealable plastic bags. All the reagents were supplied 
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by Fisher or Aldrich, anci prepared using UHP water. The segmented flow 
analyser reagents were made up one day before use. 
Reagents for the segmented flow analyser were prepared according to the Skalar 
method (Flow Access, 2001). In the case of the ammonium molybdate reagent. 
230 mg of potassium antimony tartrate [K(SbO)C4H4O6 0.5H2O], 69.4 mL of 
sulphuric acid [H2S04(97%)], 6 g of ammonium molybdate [(NH4)8Mo7024.4H20], 
1000 mL of UHP water, and 2 mL of FFD6 were placed in a high density 
polyethylene (HDPE) bottle, shaken and left for 1 h. In the case of the ascorbic 
acid reagent, 11 g of ascorbic acid [CeHsOe], 60 mL of acetone [CaHeOJ.and 1000 
mL of UHP water were placed in a Skalar bottle, shaken and left for 1 h. 
The organic P model compounds used to optimise the autoclave digestion 
method (Fig. 2.1) were adenosine-5-triphosphate dl-sodlum salt (ATP), phytic 
acid (PTA), sodium tripolyphosphate (STP), methyltriphenylphosphonium 
bromide (MPT), p-nitrophenyl phosphate magnesium salt (p-NPP), 
p-D-glucose-6-phosphate monosodium salt (G-6-P). and cocarboxylase (COCA). 
They represent a refractory P-O-P compounds, refractory C-O-P compound, a 
labile C-O-P compound and a C-P compound, two C-O-P compounds and a 
P-O-P compound, respectively. Rationale for the choice of organic model 
compounds is discussed in section 2.3.2.3. 
To prepare the phosphate standards, 0 .4394 g of potassium dihydrogen 
orthophosphate was dried at 105 °C for 2 h, and then dissolved in 100 mL of UHP 
water to give a 1 g P L"^  stock solution. The working standards (0 - 100 MQ P L'^) 
were then prepared by serial dilution of the stock solution with UHP water. Two 
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quality control (QC) samples were prepared at the same time (QCQ: 5 pg P L ' \ 
QCi: 50 pg P L"^ ). Standards for total (inorganic + organic) P determination were 
prepared follownng the same procedure and were autoclaved with the samples in 
one batch. 
Sample containers for collecting Plym river water were rinsed three times with the 
water of interest prior to sample collection. Samples were filtered though a 
Whatman GF/F glass fibre filter (0.7 pm pore size) immediately after collection to 
remove large organic and inorganic suspended particulate matter and plankton, 
and then stored in the dark. Samples from the outlet of the microcosm system 
(see chapter 3 section 3.2.1) were filtered through a 0.2 pm cellulose acetate filter 
membrane (Whatman). To minimise sample deterioration, the collected waters 
were stored in 10 % v/v HCI acid washed glass bottles at 4 °C. If samples could 
not be analysed within 2 days, they were frozen at -20 °C until required. 
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t t f 
H O - ^ - O - p - O - p 
OH OH OH H 
H OH 
Adenosine-5'-triphosphate(ATP, P-O-P, refractory) 
CioHieNsdsPa. FW 507.1 g (Sigma 99 %) 
CH o. OH ,1 
P-
O — P — o 
Phytic acid, PTA. (C6Hia024P6. C-O-P. refractory), 
FW 660.0 g (Sigma 95%) 
N a O - p - O - p - O - P - O N a 
ONa ONa ONa 
Sodium tripolyphosphate, STP. (NasPsOio. P-O-P, 
labile). FW 367.9 g (Sigma 98 %) 
HjC riJ Methyltriphenylphosphonium bromide, (CisHisBrP, C-P. refractory), FW 356.9 g (Sigma-Aldrich a 98 %) 
O^P-ONa 
ONa 
p-Nitrophenyl phosphatedisodium. p-NPP. 
(CeWOflPNaz, C-O-P), FW 263.1.g (Sigma) 
H 
k 
HO 
O 
C H , - 0 - p - 0 
O H ^J\ 
Y—jyoH 
Glucose^phosphateacid(C6H,309P. C-O-P. labile), 
FW229.1 (Aldrich 98%) 
CH3 
OH OH 
Cocarboxylase. COC(C,2HtoCIN407P2S. P-O-P) FW 
460.8 (Sigma-Atdrich 98 %) 
Fig. 2.1: Structural formulae for the organic model compounds used in the optimisation of 
the autoclave digestion. 
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2.2.2 Instrumentation and procedures 
2.2.2.1 Segmented flow analyser and its operation 
Phosphate concentrations were determined using a segmented flow analyser 
(SAN"'"^ Automatic Wet Chemical Analyser, Skalar Analytical B.C., Breda, 
Netherlands) as shown in Fig. 2.2. The programming and operation of the 
analyser were carried out using the Analyser Flow Access software. The analyser 
consists of 4 parts; an autosampler. a chemistry unit, a matrix photometer and a 
digital interface that allows data transfer to a computer. The flow diagram for 
phosphate is shown in Fig. 2.3. Sample reacts with molybdate under acidic 
conditions (pH < 2) to produce phosphomolybdic acid (Baldwin, 1998; Drummond 
and Maher. 1995); this heteropolyacid is then reduced by ascorbic acid to form a 
blue complex (Drummond and Maher. 1995) that can be detected at 880 nm 
using a spectrophotometer (reactions show as belove). However, in this manifold, 
two reagents mix together first, then react with samples at 45 "C according to the 
following scheme. 
1 2 M o O / ' + P0^^+ 27 H* • H3PO,(M0O3),2+ 12 H^O 
HjPO^(Mo0^^2 ^'^^'''^^'^ > Phosphomolybdenum blue complex (Mo(V)] 
Seven samples can be injected in triplicate per hour using the autosampler. the 
injection time being 60 s and the wash time 120 s. Samples are pumped from the 
autosampler to the chemistry unit (SA 4000 segmented flow analyser) using two 
16-channel peristaltic pumps. The maximum load for the auto sampler is 140 
samples. It is important to ensure that there is enough UHP water in the wash 
reservoir; 1 L of UHP water is enough for 42 samples. Table 2.1 shows the 
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optimum segmented flow analyser instrument parameters for the detemnination 
of phosphate 
Each run of the segmented flow analyser begins by analysing the wash (this step 
being called initial wash ) so that an Initial baseline is provided to which each of 
the sample peaks is compared. Then a tracer, drift and wash are analysed A 
complete set of 6 - 8 working standards (S1. S2,...S8) are then run. Following the 
standards, two QC check standards (a low concentration (5 pg P L'^ ) and a high 
concentration (50 pg P L^) are injected after which the samples are run. Drift and 
wash solutions are used after every 10 sample injections to monitor baseline and 
intra-run calibration drift. Acidified UHP water (0.16 M H2SO4) is used as the 
wash and carrier solution. 
Fig. 2.2: Photograph of the SAN Plus Analyser showing the autosampler, chemistry unit, 
matrix photometer and digital interface, which allows data transfer to a computer. 
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Air Pump 
30 bubbles Rrin-^  
Wash 
Samplo 
Ascorbic BCtd 
AiTvnonluin 
mojyfuunr' 
0A2 
Reaction coil 
45-C 
Waste 
PcTlstalUc 
Pump 
50 mm flow cell 
wlUidobubblor 
A^cieSOnm 
llOOnr 
Waste 
Fig. 2.3: Flow diagram of the segmented flow analyser for the determination of phosphate. 
Table 2.1: Segmented flow analyser instrument parameters. 
Flow cell path length (mm) 
Analytical filter (nm) 
Reference filter (nm) 
Heater temperature (° C) 
Sample throughput (h'^) 
Sample time (s) 
Wash time (s) 
Peristaltic pump setting (rpm) 
Tubing 
Yellow/blue (sample + water) (mL min"^ ) 
Red/red (mixed reagent) (mL min"^ ) 
Orange/orange (ascorbic acid) (mL min'^ ) 
Orange/orange (ammonium molybdate) (mL min*^ ) 
Red/red (waste) (mL min'^ ) 
50 
880 
1100 
42 
20 
60 
120 
17.8 
1.40 
0.80 
0.42 
0.42 
0.80 
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A 'tracer" is a high concentration standard (usually the highest calibration 
standard) that Is used to start detection within the 'channel*. The photometer 
'looks' for the ascending and descending slope of this first peak and measures 
the length of time It takes to rise and return to the baseline. This starts the timing 
sequence in the software, so that it can calculate the time when the next peak will 
arrive. The 'tracer' is not included in the calculations for drift or baseline correction. 
The tracer is the first peak displayed during analysis and it normally reaches 
close to the maximum working range of the analyser. The working range for 
phosphorus in fresh waters is 0.5 -100 pg L'^  and the detection limit is 0.5 pg L ' \ 
(n = 12) A 'drift' is an internal standard; it is used to determine whether the 
response changes over lime. The temperature, air pressure and other physical 
factors may also change and influence the response. After the last injection, the 
tubing should be cleaned before the system is shutdown by flushing with 10 % v/v 
HCI for 20 min followed by UHP water for 20 min. Additional cleaning may be 
required depending on the sample concentration and total analysis time. The 
system uses 'Corrected Height' to calculate the final phosphate concentration. 
The software automatically calculates each standard and generates the 
calibration equation from corrected peak height. The corrected peak heights 
given in the output are corrected by the software for carry over and for baseline 
drift. Some basic formulae to calculate the correlation coefficient, baseline 
correction and sensitivity correction are introduced below. 
The Basel ine Correction function is the first correction function used and always 
precedes the peak height sensitivity drift correction. This normally constant 
baseline can drift over time due to various circumstances such as change in 
reagent quality and temperature. 
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y'(n) = l / ( n ) - ( n - a ) . [ i ! ^ ^ j - W « . ) 
U' (n) = Baseline Corrected Peak Height for sample cup n 
U (n) = Measured Uncorrected peak height for sample cup n 
n = Sample cup number 
W (a) = Measured peak height for preceding wash cup 
W (b) = Measured peak height of following wash cup 
a = Cup number preceding wash 
b = Cup number following wash 
vakje 
Fig. 2.4: Baseline correction (Flow Access , 2001). 
Fig. 2.4 shows a typical baseline correction from the software. From W(a) to W(b) 
the baseline increase of W(a) - W (b) (arbitrary units) is equally apportioned to 
each sample. For each specific sample the increase is (n-a) « [W(a) - W(b)J/(a-b) 
In this way the corrected peak height (U'(n)) for each sample (U(n)) is the 
recorded peak height - baseline - ((n-a) « [W(a) - W(b)J/(a-b)). 
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The Sensitivity function is required for peak height calculations and corrects for 
any sensitivity changes during the analytical run. The value is always corrected 
for baseline drift. Nomially this function does not make significant changes, but Is 
still necessary as chemical reactions are influenced by changes in e.g. 
temperature, reagent conditions. 
Dl 
U" (n) = Baseline and Peak Drift corrected peak height for sample cup n. 
U' (n) =Baseline Corrected Peak Height for sample cup n. 
D1 = Baseline Corrected Peak Height of the first drift cup 
D(a) = Baseline Corrected Peak Height of the preceding drift cup. 
D(b) = Baseline Corrected Peak Height of the following drift cup. 
n = Sample cup number 
a = Cup number of preceding Drift. 
b = Cup number of following Drift. 
J ' 
Ftg. 2.5: Sensitivity correction (Flow Access , 2001). 
Fig. 2.5 shows a typical sensitivity con^ction for a specific sample n. In this c a s e , 
the con-ected peak height for n (U"(n)) is the baseline con-ected height U'(n) x 
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drift correction. The drift correction is calculated from the baseline corrected first 
drift peak height (D1) divided by the drift for sample number n plus the value for 
D(a). In Fig. 2.5. the software equally apportions the difference between D(a) and 
D(b) between the samples. For sample n, the extra height gained from the drift 
will be [(D(a)-D(b))/(b-a)] x (n-a). 
The final step is to calculate sample P concentration. The software calculates the 
P calibration curve based on a number of standards. The calculation assumes a 
1^ order relationship according to ISO 8466 (Fig. 2.6) and generates a linear 
calibration graph based on the formula; y = a + bx 
y = Baseline corrected and peak drift correct peak height of the standard. 
X = Concentration of the standard 
a = Ordinate of the intercept 
b = Sensitivity of the method (slope of the calibration line; coefficient of 
regression) 
1 S t order ISO 8466-1 Calibration-phosphate 
y = 13.609X+ 10.905 
0.9979 
1600 
1400 
1200 
1000 
3 600 
Concentration 
100 
Fig. 2.6: A sample calibration graph from the segmented flow analyser (Flow Access, 
2001). 
Based on the calibration, all sample corrected peak heights are put Into the linear 
equation and the P concentrations calculated as shown in Table 2.2. 
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Table 2.2: Example of software calculated P concentrations (Flow Access , 2001) 
olums displayed by the PC 
Position lijetv ty- ResuK 
•neasur* d 
htigNt 
con'ccied R.\riur 
- '.Vssh c :cc 142K C 
Tracer 15153 853 1 
c :<:»: 143D2 
14404 1«2 
SP2 S2 C J>" ues: 330 4 
S3 s a ^ - t O W. I C 1X 15167 864 
S4 loo:^ 1726 1 
S5 17»3D 3527 
ST1 1 1 ^=4 20720 15417 
.Vt vV WMtlO'Kn C X * 14314 1C 
ST2 0101 BBS 873 :«1=873 
iVt c:o: m Hi 4* u C 220:4 • ^ 
u 1 XI3 229;';' ^?6e 
4? u r o f " • » 
u i:oc 230D0 W45 6 
i f u C rOBf- eeie •7 
u C>A 23C:'S ^?22 i 
u r o ^ aeoi 
u 23036 e«?oi |:c 
k u 23023 b 
Li C 230^5 aroo 
C 0*4 • •>•> 
D om c • 15272 870 24 3=14 c a =a7v 
Un 14400 C 26 3=:! vva = -44:: 
1 74' 15008 
=: u lot-: 1 287?S 15008 
b? u lot-5 1 2«7»2 1*915 
u lot-* 171? 207;4 1*826 b 
j " ! - * : r t * - ' : ^ 
• 44:?- ' 
•44CC . ? " - : : "-•44CC 
= '53?e 
-'20 J - = 1536? 
. .n = i5 'v ' : : ' . r : . - - -
= *e26 
5! u lot^ 17DC 2074^ 1*603 
=i u lot-? 2074- 1*506 
ar u lot-7 IftS- 20759 1*525 ?: 
3f u lot-^  107- 207C: 1A4*1 ?3 
u loi4 2075- 1*345 kc 
At Was- ; - :re C :C4 14510 38 
c m 'c*' • 1 be 
VVas^ 144SS c :=S" VV t = i**83 
h EndRir c 1436: 38 
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2.2.2.2 Autoclave method 
Twenty mL of each sample and standards were placed in separate 100 mL glass 
autoclave bottles, and then 0.2 g potassium peroxydlsulphate (K2S2O8) and 1 mL 
0.5 M sulphuric acid were added. Screw top plastic lids with foil seals were hand 
tightened and then released by half a turn. The samples were then sonicated at 
room temperature for 15 min to totally dissolve the K2S2O8. The samples were 
autoclaved for 30 min at 121 "C and then left for 2 h to cool. 
2.3 Results and discussion 
2.3.1 Determination of inorganic phosphorus (IP) 
2.3.1.1 Segmented flow analyser method 
Under optimised conditions absorbance is directly proportional to phosphorus 
concentration and is measured in arbitrary peak height units. The peak heights 
given in the output have been corrected by the software for changes in sensitivity 
from baseline and drift as described in section 2.2.2.1. The slope, intercept, and 
correlation coefficient are calculated by the software by first order regression 
(linear calibration curve). The value for any given sample is then calculated by 
(peak height units - intercept)/slope. However, the intercept will Impart a false 
concentration to all the values in the case of a large drift or an unstable baseline 
(for details see section 2.3.1.2). As the software is not able to automatically 
correct for this, all concentrations have also been calculated manually from the 
raw data output, an example of which is given in the final column of Table 2.3. 
The system uses 'Corrected Height' to calculate the final phosphorus 
concentration (see section 2.2.2.1). 
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Using the data from Table 2.3 one can show an example of Corrected Peak 
Height calculations. There were 8 standards analysed between the 2"^ wash and 
3"* wash (the blank. 10, 20. 30, 40. 60. 80 and 100 pg P L"^). The peak heights of 
the wash were from 2257 to 2270 units. The software calculates the sensitivity 
drift between calibrations then adjusts both the wash and sample signals In 
increments between the two calibrations (Flow Access, 2001). The manual 
method uses the raw data to calculate the calibration graph directly. 
Nine calibration equations, r^  and R S D values for inorganic P are compared over 
11 weeks in Table 2.4. The phosphorus calibration graphs were linear over the 
range 0.5 -100 pg P L*^  (r^ ranging from 0.997 to 0.999). The analytical variability 
for the 40 pg P L"^  standards was always < 1 % R S D (n = 27). The gradients in all 
the equations were within 5 % of each other. The variability in the gradient is 
mainly caused by fiuctuatlons in temperature. Intercept variations may be due to 
changes in the reagent concentrations between calibrations and variable UHP 
water quality over the 11 week period. The results for the Q C s in Table 2.5 
demonstrate acceptable accuracy. R S D was also typically within the target of < 
5 % . 
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Table 2.3: Results for six phosphorus standards displayed by the analyser software. 
Position Type1 Identity 1 PO4 pg/L PO4 Height PO4 
Con^Ht 
PO4 
Manual 
calculation 
WT IW Initial 
Wash 
1.31 2257 0 
ST11 T Tracer 106 82 3359 1100 
ST1 D Drift 55.55 2827 565 
Wt W Wash 1.31 2264 0 
A1 81 0 1.19 2264 -1 1.5 
A2 S2 10 9.95 2358 90 10.0 
A3 S3 20 19.44 2461 189 19.3 
A4 S4 30 29.95 2576 299 29 7 
A5 S5 40 38.95 2676 392 388 
A6 S6 60 60.21 2910 614 600 „ S7 80 7939 3124 814 79 3 
88 100 100.91 3366 1038 101.2 
ST1 D Drift 58.71 2873 598 56.6 
Wt W Wash 1.31 2276 0 2.6 
A9 U D7 30 96 2597 309 31.6 
A10 u E7 27.35 2555 271 278 
A11 u F7 25.09 2528 248 254 
A12 u D8 3851 2667 388 38.0 
A13 u E8 25.03 2522 247 24 8 
A14 u F8 40.23 2677 406 389 
A15 u D9 58.93 2865 601 559 
A16 u E9 39.47 2661 398 37 4 
A17 u F9 53.65 2800 546 500 
A18 u D10 4508 2709 456 41 8 
A19 u E10 4008 2655 404 36 9 
ST1 D Dnft 51.83 2797 527 49.7 
Wt w Wash 1 31 2270 0 2.0 
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Table 2.4: Inorganic phosphorus calibration equations over a 78 day period. RSD is the 
relative standard deviation of the 40 pg P L'^  standard for each experiment. 
Date Calibration equations: 
Y = Gradient*x - Intercept 
Range RSD 
% (n = 3) 
29"^  Mar 2006 Y = 14.71 X - 5 4 . 9 9 0.999 0.44 - 100 0.73 
06"' Apr 2006 Y = 13.77 X 0.999 0.44 - 100 0.53 
27*" Apr 2006 Y = 13.66 X + 10.73 0.999 0.44 -80 0.72 
S"" May 2006 Y = 13.75 X +29.99 0.997 0.44 - 100 0.28 
17"'May 2006 Y = 13.89 X - 2 3 . 7 8 0.999 0.44 -80 0.49 
18*" May 2006 Y = 13.29 X +8.26 0.999 0.44 -80 0.52 
25*^ May 2006 Y = 14.26 X +40.89 0.999 0.44 -80 0.33 
6*" Jun 2006 Y = 14.32 X +3.93 0.999 0.44 -80 0.53 
14*" Jun 2006 Y = 15.00 X + 14.24 0.999 0.44 -40 0.46 
Table 2.5: Typical inorganic phosphorus quality control data. 
Date Lower QC: Bias 
5 pg P L ' 
Upper QC: 
50 pg P L"^  
Bias 
29*" Mar 2006 5.24 0.24 56.24 6.24 
06*" Apr 2006 4.22 -0.78 48.62 -1.38 
27*" Apr 2006 5.32 0.32 47.20 -2.8 
5*" May 2006 4.88 -0.12 48.20 -1.8 
17**" May 2006 5.44 0.44 51.06 1.06 
18*" May 2006 5.44 0.44 50.58 0.58 
25*" May 2006 5.01 0.01 48.26 -1.74 
6*" Jun 2006 4.37 -0.63 48.81 -1.19 
14*" Jun 2006 5.72 0.72 50.55 0.55 
3"^  July 2006 5.77 0.77 48.63 -1.37 
Mean 5.16 0.16 49.82 -0.18 
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2.3.1.2 Effect of temperature 
Temperature is one of the most important factors affecting the phosphorus 
determination process because it affects the reaction sensitivity and hence the 
calibration gradient. Several studies report an increase in the formation rate of 
the molybdenum blue complex with increasing temperature (Blomqvist et al., 
1993; John. 1970; Pai et al., 1990; To and Randall, 1977). For the 
phosphomolybdenum blue method, two reagents are needed: the ammonium 
molybdate solution and the reducing agent (ascorbic acid or tin(ll) chloride). Both 
reagents are very sensitive to light and temperature. Therefore the reagents 
should be stored at 4^ C when the solutions are not in use. It is also important that 
the reagent solutions are equilibrated to room temperature before use. 
Fig. 2.7 shows an experiment carried out using cold reagents at 4 °C. It clearly 
shows that the baseline increased as the reagents warmed up. It also shows that 
a colder temperature decreased the sensitivity. The baseline was 2434 at the 
beginning (4 °C). increasing to 2572 at 25 °C. The difference in the baseline 
between 4 and 25 °C was 138 which is equivalent to a 15 pg L'^  P difference. Fig. 
2.8 shows the results for reagents at room temperature (25 **C), with no 
significant change of baseline or drift throughout the whole experiment, and 
therefore the software is able to calculate correct P concentrations using the 
standard baseline and drift correction procedures. The conclusion is that the 
temperature of the reagents is one of the main sources of analytical error in the 
method. This can be avoided by warming up the reagents to room temperature 
(normally for 2 h) before use. 
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Fig. 2.7: Recorder output showing the effect of reagent temperature on the response. The 
dashed line represents the ideal baseline. 
J 
r J ^- JL iV I - ^ < l iA- .1 
Fig. 2.8: Recorder output showing baseline when reagents are equilibrated to room 
temperature before use. 
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2.3.1.3 Interferences 
The phosphomolybdenum blue reaction and spectrophotometric detection are 
typically used to detect the concentration of inorganic phosphorus. This method 
is however subject to potential interference from certain matrix ions. e.g.. fluoride, 
nitrate, silicate, arsenate and trace metals (Fe(lll), Al(lll), Mg(ll)). These 
interferences are more serious in polluted waters and waste water samples. 
Fluoride slows down the development of the phosphomolybdenum blue complex, 
but does not affect the maximum absorbance reached at steady state (Blomqvist 
et al., 1993). Nitrate only interferes at very high (> 10 mg L" )^ concentrations 
(MEWAM, 1980). Chromium(lll) interferes above 1 mg L'^ (APHA. 1976), which is 
only found in polluted waters or waste water samples. Silicate can have a major 
interference effect by reacting with ammonium molybdate to form molybdosilicic 
acid. 
SiO,^- + Moot + 4 / / * H^SiO,{MoO,) + H^O 
The interference from silicate in segmented flow analysis has been studied by 
Mankasingh (2005) who reported no significant Si interference up to 10 mg Si L'V 
This is because the silicomolybdenum blue complex forms more slowly than the 
phosphomolybdenum blue complex (Mankasingh, 2005) and therefore the 
segmented flow analyser has a tolerance up to 10 mg Si L ' \ A similar experiment 
was therefore carried out to investigate the effect of temperature on the 
interference signals, using silicate concentrations from 0 to 5 mg L ' \ These 
concentrations are typical for River Plym water (Langston et al.. 2003). which has 
been used for the microcosm experiments discussed in Chapter 3. The results 
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showed that silicate does not react with the phosphorus reagents to give a 
detectable signal at low concentrations (< 5 mg Si L'^). or that the reaction is very 
slow, whereas higher concentrations of silicate cause a significant interference 
and the interference is greater at higher temperature (Tuckwell. 2008). 
Arsenic and phosphonjs are both group V elements and arsenate (As04^) and 
phosphate (P04^) are chemically similar, and it has been shown that arsenate 
can positively interfere in the determination of phosphate (Linge and Oldham, 
2001). Arsenic exists in different forms in the environment depending on the pH. 
In strongly acidic conditions it exists in the As(lll) oxidation state as arsenate 
(H3ASO4), whilst in weakly acidic conditions it exists as the dihydrogen arsenate 
ion H2As04"; in weakly basic conditions the hydrogen arsenate ion HAs04' is 
formed, whilst in strongly basic conditions the arsenate ion As04^ is predominant 
(Holleman and Wiberg. 2001). 
Under typical pH and Eh conditions for the River Tamar (pH = 6.1 - 8.2. Eh > 600 
mV) (Badr et al.. 2008; Mighanetara el al.. 2008). arsenate (H2As04" / HAs04^') 
will be a major component of the total arsenic concentration which is typically 2 -
16 pg As L ' \ but can be as high as 40 As pg L"^  due to the impact of historical 
arsenic mining (Langston et al., 2003). A proportion of this will exist as arsenate, 
the amount depending on the pH of the water. Fig. 2.9 shows the segmented flow 
analyser response to arsenate (P standards were: 0. 0.01. 0.02, 0.05, 0.08, 0.1 
and 0.15 mg P L'^) at 30, 40 and 50 "C. An arsenate concentration of 0.01 - 0.1 
mg As L'^  has minimal impact on the P response. An ANOVA test (p = 0.876) 
showed that there was no significant difference in P concentration determined 
between the P standards and the standards spiked with As up to 0.1 mg As L'^ at 
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30 **C 40 **C, and 50 °C. Therefore the conclusion is that phosphonjs 
determinations using the segmented flow analyser are insensitive to arsenate 
concentrations up to 0.1 mg A s L"^  at temperatures up to 50 **C. However, the 
interference was significant at higher arsenate concentrations. 
Fig. 2.10 shows that the addition of 1 mg As L"^  to phosphorus standards (as 
phosphate) produced a significant interference, and that higher temperatures 
increased the As interference. An increase in temperature from 30 to 50 *'C 
had no effect on the non-spiked P standards as the slopes were the same, but the 
slopes for the arsenate spiked P standards were significantly different, showing 
that the arsenate signal is affected by temperature. Fig. 2.11 also shows that the 
instrument is more sensitive to arsenate at higher temperatures (50 '*C). However 
at a lower temperature (30 °C) arsenate concentrations from 0 to 1 mg As L"^  
produced a much less significant interference, equivalent to 0.002 - 0.004 mg P 
L'\ Thus 30 °C is the optimum temperature for minimising the arsenate 
interference. If the arsenate concentration is > 0.1 mg As L ' \ sample 
pre-treatment is required (Elbaz-Poulichet et al., 1999). 
The nature of the interference from trace metals is complex and may result from 
the consumption of the reducing agent (ascorbic acid) or re-oxidisation of the 
phosphomolybdenum blue complex (Methods for the Examination of Waters and 
Associated Materials, 1980). Iron(lll) interference is well known as it readily 
precipitates with phosphate to remove soluble P from solution. Fig. 2.12 
demonstrates the interference effect from 1. 5, 10. 50 and 100 mg L'^ Fe(lll) 
spiked into 10 and 75 pg P L"^  solutions. The results show that there Is no 
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significant interference from Fe(lll) at environmentally relevant concentrations. 
Similar results have been reported for Al(lll) and Mg(ll). 
P standards 1 mg A s L' 
-> < > <r 
0.5 mg A s L ' 0.1 m g A s L ^ 0.01 mg A s L ' 
S p i k e d concentrat ion 
ml 
30°C 
iln^l-t-tf^ Mte j < a a J 3 E > ,<g|*^-IMiT wirn i I/^l 
> < > < > ^ 
P s tandards 1 mg A s L O . S m q A s L ' O . l m g A s L ' 0.01 mg A , L • ^ P ' " " ' 
J 
J 1!*" 40°C 
I * > < 
< > < > < > < > < > 
P s tandards 1 mg A s L O . S m g A s L ' 0.1 mg A s L ' 0.01 mg A s L ' 
tffHT 
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Fig. 2.9: Arsenate interference in the determination of inorganic phosphorus by SPA. (a) 
30 X ; ( b ) 50 * C ; (c) 50 "C. 
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F i g . 2.11: Ef fect of a r s e n i c concent ra t ion on the p h o s p h o r u s blank at 30 40 X a n d 50 
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Fig . 2.12: Interference effect of Fe(lll) on the o b s e r v e d P concent ra t ion . T h e horizontal 
d a s h e d l ines s h o w the initial phosphate standard concentra t ions . T h e vert ical d a s h e d line 
divides s a m p l e s into low P (left) and high P (right) concent ra t ions . 
2.3.2 Determination of organic phosphorus (OP) 
2.3.2.1 Optimisation of the autoclave method 
Phosphorus is frequently the limiting nutrient for primary production in aquatic 
ecosystems (Harris. 1986). Therefore it is very important to know its 
concentration in fresh waters. The most widely used approach is the 
molybdenum blue spectrophotometric method (McKelvie, 2005). This method, 
however, only measures the concentration of molybdate-reactive phosphorus 
species in waters, which is predominantly orthophosphate but includes some 
condensed inorganic phosphorus species and labile organic phosphorus species. 
There is not a method that directly determines dissolved organic phosphorus 
47 
(molybdate-unreactive phosphorus). Determination of dissolved organic 
phosphorus and total dissolved phosphoais are generally based on the 
conversion of all phosphorus species to orthophosphate. This is carried out by 
the hydrolysis and oxidation of molecules containing essentially P-O-P. C-O-P 
and C-P (see Fig. 2.1 for examples) bonds (Kerouel and Aminot. 1995). 
Dissolved organic phosphorus in natural waters contains nucleic acids, 
phospholipids, inositol phosphates, phosphoamides. phosphonic acids, 
organophosphate pesticides, humic associated organic phosphorus compounds 
(Thumrian, 1985) and organic condensed phosphates in dissolved, colloidal and 
particle-associated fomris (McKelvie, 2005). 
The autoclaving process is a chemical oxidation process resulting in the 
breakdown of organic phosphorus compounds and the quantitative conversion 
and release of the organic P as phosphate. This breakdown is facilitated by 
potassium peroxydisulphate (an oxidant) that is reduced to highly reactive free 
radicals within the aqueous solution (Maher et al., 2002). The input of heat 
accelerates the reduction of the oxidant into these free radicals. A free radical is 
an atom or group of atoms that has at least one unpaired electron and is therefore 
unstable and highly reactive. The carbon double bonds break and form a free 
radical at each carbon atom, joined by carbon-carbon single bonds. 
The effectiveness of the autoclave procedure in releasing P from organic matter 
depends on the oxidant concentration, the digestion temperature and the nature 
of the sample matrix. There are various acid peroxydisulphate methods, but they 
all have the same aim, to ensure the complete oxidation of organic material and 
hydrolysis and release of P before the peroxydisulphate is fully decomposed. 
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However, there is a disadvantage of using acid peroxydisulphate. This method 
not only oxidises organic material but also favours the hydrolysis of inorganic 
condensed P and displacement of P from colloids in the < 0.2 pm fraction, 
resulting in possible over-estimation of organic phosphonjs concentrations 
(Baldwin, 1998; Denison et al.. 1998). For this work it was assumed that the 
amounts of inorganic condensed P present in the samples from the River Tamar 
were negligible. 
An acid peroxydisulphate method was developed by Gales et al. (1966) and an 
autoclave digestion protocol reported by Haygarth et al. (1997). Ridal and Moore 
(1990) suggested that adjusting the concentration of the peroxydisulphate is the 
most important parameter for improving recoveries. The USEPA Persulfate 
Digestion Method 365.1 (Schwab, 2007) uses a lower mass of peroxydisulphate 
(0.2 g per 20 mL sample). The optimisation of the autoclave method was 
therefore carried out by adjusting the sample pH and the concentration of 
oxidising agent. 
Peroxydisulphate concentration. Fig. 2.13 shows the segmented flow analyser 
output for a series of autoclaved standards and samples from the River Plym. 
The blank (zero concentration standard) gave a high signal compared with the 
wash signal. This blank signal, which originated from the autoclave reagents, 
seriously degraded the limit of detection for organic phosphorus compounds. 
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F i g . 2.13: Typ ica l a n a l y s e r r e s u l t s for au toc laved s t a n d a r d s and s a m p l e s , 
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F i g . 2.14: E f fec t of d igest ion reagents on the blank s i g n a l with a n d wi thout a u t o c l a v i n g . 
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Fig. 2.14 shows the apparent P concentration in the blank following the addition 
of reagents and analysing directly and after autoclaving, using the segmented 
flow analyser. A blank signal was observed before autoclaving, with 0.8 g 
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peroxydisulphate giving a signal equivalent to 3.7 pg P L"^  and peroxydisulphate 
and sulphuric acid together giving a signal of 4,7 [jg P L"\ which implies that 
approximately 80 % of the blank signal came from the peroxydisulphate and 20 % 
from the sulphuric acid. Secondly the samples that had not been autoclaved 
showed much smaller standard deviations, suggesting that the reproducibility of 
autoclaved samples needed to be investigated. This experiment clearly shows 
the high blank signal problem came largely from the peroxydisulphate and the 
resultant pH of the autoclave digest. Further investigation showed that difficulties 
in dissolving the peroxydisulphate caused the high standard deviation between 
autoclaved samples. According to USEPA Method 365.1 and the results showm 
above, the amount of peroxydisulphate was reduced from 0.8 to 0.2 g in the 
optimised method. 
The recoveries of all 7 organic P compounds were > 95 % (n = 9) using this 
method (0.2 g peroxydisulphate), and the limit of detection (LOD) was 11 pg P L"\ 
The LOD was calculated from the blank signal plus three times the standard 
deviation of triplicate blank sample measurement. 
Stability of autoclaved samples. Autoclaved samples normally have a final pH 
in the range 0.9 -1.2. Theoretically, at this pH, the nutrient concentrations in the 
samples should be stable for at least 5 days of storage at room temperature 
(Rowland and Haygarth, 1997). Fig. 2.15 shows the results from an experiment to 
investigate the stability of autoclaved samples over 3 weeks. To do this a batch of 
6 orthophosphate standards (0, 10, 20. 30. 40 and 60 pg P L"^ ) was autoclaved 
using the optimised autoclaving procedure. All standards were stored at room 
temperature and analysed on day 1, day 3. day 7, day 14 and day 21. Day 1 was 
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24 h after the samples were autoclaved. There was no significant difference after 
7 days for all P concentrations (p = 0 004) and only 6 % loss at day 14. This 
suggests that autodaved samples can be stored for up to 7 days at room 
temperature prior to analysis 
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F i g . 2.15: Stabil ity of au toc laved s a m p l e s over a 3 w e e k per iod. 
2.3.2.2 Optimisation of the segmented flow analyser method 
Acid wash effect. The rate of molybdenum blue formation is very pH dependent 
and therefore the effect of pH on the detection response was investigated. The 
results showed that increasing the pH of autodaved samples did not affect the 
calculated sample concentrations. However, the USEPA Persulfate Digestion 
Method 365.1 uses an acidified wash (pH 1.0) in order to match the carrier 
stream with the pH of the samples after autoclaving. This was therefore used in 
an attempt to reduce the baseline noise and the blank response. Fig. 2.16 
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cxsmpares calibration graphs for 6 autoclaved standards analysed using the 
normal wash stream (water) and an acidified wash stream. Using the non-acid 
wash the blank signal was significantly higher than when using the acidified 
carrier, giving a poorer LOD. However the acid carrier resulted in a slightly lower 
sensitively compared with the non-acid carrier, as shown by the gradient of the 
calibration graph. 
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F ig . 2.16: T y p i c a l ca l ib ra t ions obtained for a u t o c l a v e d s t a n d a r d s a n a l y s e d u s i n g a norma l 
carr ier s t ream a n d an acid i f ied car r ie r s t r e a m . 
An experiment was then designed to investigate the sensitivity and reproducibility 
over time of the acidified carrier stream method for determining IP in autoclaved 
standards. Table 2.6 shows the results from 9 calibrations over a 10 week period 
(Jun - Aug 2007). The analytical variability for the 40 pg P L'^  standards was < 
3.5 %. the gradients (sensitivities) in all the equations were within 5 % of each 
other and values were all > 0.98. The LOD was 3 M9 P L ^ which is 
comparable with the LOD of the USEPA Persulfate Digestion Method 365.1 of 4 
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pg P L"V Table 2.7 shows typical calibration data for autoclaved inorganic P 
standards. 
Table 2.6: Cal ibrat ion equat ions (range 5 - 80 P L*^) for autoc laved inorganic 
phosphorus s tandards . R S D (n = 3) i s given for the 40 pg P L'^ s tandard . 
Date Calibration equat ions: 
Y = Gradient*x - Intercept 
R S D 
%(n = 3) 
24*^ * J u n 2 0 0 7 Y = 13.92 X +30.94 0.998 3.0 
6*" J u l 2007 Y = 11.58 X +22.68 0.990 0.3 
7"" J u l 2007 Y = 13.63 X +23.27 0.997 2.8 
12"** J u l 2007 Y = 12.85X 0.998 2.7 
25*" J u l 2007 Y = 12.54 X +22.44 0.998 1.8 
2"** A u g 2007 Y = 12.03 X +22.90 0.982 1.6 
7"" A u g 2007 Y = 12.22 X - 1 3 . 5 1 0.998 2.1 
22"" A u g 2007 Y = 1 1 . 2 X + 2 5 0.999 3.4 
17*" A u g 2007 Y = 12.01X+3.57 0.999 2.8 
Table 2.7: Typ ica l calibration data for autoclaved inorganic P s tandards (r = 6). 
Standard Corrected peak 1 Corrected peak 2 Correc ted peak 3 Mean R S D 
(n = 3) 
(pg P L'^) (arbitrary units) (arbitrary units) (arbitrary units) (%) 
0 11 10 9 10 1.0 
10 123 122 123 123 0.6 
20 236 234 237 236 1.5 
30 340 344 345 343 2.6 
40 448 451 449 450 1.5 
60 667 668 667 667 0.6 
80 890 894 895 893 2.6 
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2.3.2.3 Recovery of model organic P compounds 
The model compounds selected to examine the efficiency of the autoclaved 
method include a variety of naturally occurring molecules, most of which are 
widely distributed in natural waters (Worsfold et al., 2005). Phytic acid is one of 
the P compounds most resistant to hydrolysis and is also one of the most 
refractory organic phosphorus compounds found In soils (Maher and Woo, 1998; 
Martin et al.. 1999). p-D-glucose-1-phosphate contains a labile C-O-P bond and 
is a sugar arising from bacterial decomposition that is wndely distributed in soil 
leachates and marine waters (Worsfold et al.. 2005). ATP 
(adenosine-5'-triphosphate) and ADP (adenosine-5'-diphosphate) are ubiquitous 
in nature (Espinosa et al., 1999) and contains C-O-P and P-O-P bonds. 
Methyltriphenylphosphonium bromide is a refractory compound containing a C-P 
bond. Sodium tripolyphosphate is a condensed inorganic compound containing 
P-O-P bonds. Cocarboxylase is also called thiamine pyrophosphate and is a 
coenzyme important in respiration in the Krebs cycle. 
Fig. 2.17 shows the results for 8 model compounds at 50 pg P L'^  using the 
optimised autoclave method. Quantitative recovery was achieved for all model 
organic P compounds, with phytic acid (C-P bond) having the lowest recovery at 
90 ± 5 %. This is not surprising as phytic acid is one of the most resistant 
compounds to hydrolysis. Sodium tripolyphosphate (P-O-P bonds) gave 95 ± 3 % 
recovery. ATP (C-O-P and P-O-P bonds) recovery was 100 ± 10 %. 
D-glucose-1-phosphate (labile C-O-P bond) gave 100 ± 1% recovery. 
P-nitrophenyl phosphate and cocarboxylase had poor precision, probably due to 
contamination of one sample. Orthophosphate gave 100 % recovery. These 
results cleariy show that organic compounds containing C-P bonds are the most 
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resistant to hydrolysis, whereas C-O-P bonds are relatively labile, and that the 
autoclave method is suitable for most natural organic phosphorus compounds 
trr 
120 0 
P model c o m p o u n d s 
Fig . 2.17: The recovery of 8 o rgan ic P mode l c o m p o u n d s u s i n g the opt imum autoc lave 
method. The concent ra t ion of s a m p l e s w a s 50 pg P and er rors bars s h o w ± 1 s . d . (3 
s a m p l e s m e a s u r e d in tr ipl icate (n = 9)). 
Although the acid peroxydisulphate method had a very good recovery for most of 
the organic P compounds in fresh water, It is not the ideal method for sea water 
samples. The matrix absorbs much of the energy and there is a potential risk that 
salts will precipitate out during digestion (Jenkins, 1986). making the method less 
easy to control (Nguyen and Sukias, 2002a). The recovery of DOP model 
compounds In low nutrient sea water was therefore relatively poor, as shown in 
Fig. 2.18. The recovery of phytic acid was < 20 % and G-6-P and ATP were < 
80 %, possibly because the peroxydisulphate reagent was consumed by the 
oxidation of chloride ions to free chlorine (Ridal and Moore, 1990). One way to 
avoid this effect is to dilute sea water samples (Aminot and K^rouel, 2001) by a 
factor of five times to give a final salinity of 7. As shown in Fig. 2.18, phytic ackj 
recovery in salinity 7 water was 70 %. and A-T-P and G-6-P were > 90 %. 
56 
120 
80 
• sea water (sal -35) 
• Diluted sea water (Sal =7) 
5 60 
8 
^ 40 
20 
Phytic acid G-6-P A-T-P orthophosphate 
Organic P model compounds 
F i g . 2.18: Ef fect of dilution (5X) on ttie recovery of O O P in low nutrient s e a w a t e r (salinity 
35), error b a r s ± 1 s . d . (n = 3). 
2 3.2.4 Sample storage and hydrolysis of organic pfiosphorus 
compounds. 
The overall effectiveness of any preservation and storage protocol depends on 
various factors including the sample matrix, cleaning procedures for sample 
containers, container material and size, temperature, chemical treatment (e.g. 
acidification) and physical treatment (e.g. filtration) (Worsfold et al., 2005). 
Nutrients can be lost during sample transport and storage due to bacterial activity 
(Sandford et al., 2007). Many papers report the determination of inorganic 
phosphorus (IP) and total phosphorus (TP) in open ocean water (e.g. Morse et al., 
1982) and river water (e.g. PIchet et al., 1979) with treatment to pH < 2 and 
storage at 4® C. Pichet et al. (1979) found no significant loss In TP concentration 
over 28 days and no loss of IP for up to 7 days. 
Addition of acid can however cause hydrolysis of organic phosphorus 
compounds, resulting in an over-estimation of IP as shown in Fig. 2.19. This 
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shows the effect of acidification on two organic compounds, phytic acid (which is 
refractory) and G-6-P (which is labile). A batch of twenty 100 pg P phytic acid 
and twenty 100 pg P G-6-P solutions were made up in UHP vy^ter (100 mL). 
Ten solutions from each group were acidified with 50 % HCI to pH < 2. Samples 
were stored at 4 °C and 3 samples from each group (phytic acid, acidified phytic 
acid, G-6-P. acidified G-6-P) were analysed to determine IP and TP each day. 
The results showed no difference in IP and TP concentrations between phytic 
acid and acidified phytic acid (p = 0.26) or in TP between G-6-P and acidified 
G-6-P (P = 0.52). However, acidified G-6-P had a faster hydrolysis than 
non-acidified G-6-P (Omaka, 2005). with IP concentrations of 27 pg P and 16 
pg P L'^  respectively after 72 h These results suggest that a low pH could 
accelerate the rate of hydrolysis of labile OP compounds, and therefore 
acidification is not the preferred treatment for the storage of water samples for the 
determination of IP and OP. 
DIP (acidified samples) 
Fig . 2.19: C o m p a r i s o n of the h y d r o l y s i s of G - 6 - P In acidi f ied a n d non-acidi f ied s a m p l e s at 
4 °C over 3 d a y s . Mean (n = 3) ± 1 s . d . 
58 
For all future work samples were therefore stored at 4 °C and analysed within 48 
h whenever possible. Samples that could not be analysed within 48 h were frozen 
at -20 **C without any chemical treatment until required. 
2.4 Conclusions 
Segmented flow analysis is suitable for determining inorganic P and organic P 
spedes in freshwaters in the range of 1 - 300 pg P L'\ The calibrations were 
linear (R^ > 0.997) over the range 0.5 -100 pg P L""" with good precision (RSDs < 
3 %). The LOD was 0.5 pg P L*^  for inorganic P and 3 pg P L'^  for organic P. 
No significant interference from silicate. Fe(lll). Mg(ll) or Al(lll) were observed in 
the determination of phosphate using the segmented flow analyser. For arsenate, 
the interference was only significant at > 0.01 mg L'\ This interference can be 
minimised by decreasing the reaction temperature, which has the effect of 
decreasing the formation of arsenomolybdate. However, use of a lower 
temperature will also decrease the sensitivity for the phosphate determination. 
An acid wash stream was used to ensure that the detection of autoclaved 
samples was not affected by variations in the acidity of the samples. After 
optimisation of the autoclaving method (pH adjustment and reducing the 
concentration of peroxydisulphate) and improving the detection manifold (use of 
an acid carrier), quantitative recovery of all organic P model compounds was 
achieved. Therefore the segmented flow analyser can be considered as a reliable 
and accurate method for the detemriination of DIP and DOP in fresh water 
samples. 
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Chapter 3. Organic and inorganic phosphorus uptake by 
bacteria in a plug-flow microcosnfi 
3.1 Introduction 
Organic phosphorus is involved in many biological processes, yet its role is the 
most poorly understood aspect of the global phosphorus cycle (Degroot and 
Golterman, 1993). Organic phosphorus species represent a significant proportion 
of the total phosphorus pool in the aquatic environment and they are more 
abundant than inorganic phosphate in many water and sediment systems (Turner 
et al., 2002b). DOP is at least partially biologically available to bacterioplankton 
(Cotner and Wetzel, 1992) and can support bacterial growth and metabolic 
activities, especially when the DIP concentration becomes critically low 
(Nicholson et al.. 2006; Van der Zee et al., 2007). Species such as heterotrophic 
bacteria can be inorganic phosphorus limited in natural environments and studies 
have shown that bacteria can take up DOP via enzymatic hydrolysis and this is 
dependent on bacterial species competition, substrate concentrations, saturation, 
storage capacity and the availability of other nutrients such as organic carbon 
(Cotner et al., 1997; Cotner and Wetzel, 1992; Labry et al., 2005). Based on the 
strength of the P bonds to carbon and/or oxygen, DOP can be defined as labile or 
refractory (Monbet et al., 2007) and bacteria may take up P from labile DOP 
species when inorganic P is limited. Heath (2005) reported that heterotrophic 
bacteria can also take up P following the photolytic breakdown of refractory DOP 
species. However the bacterial uptake of P from different DOP species is poorly 
understood (Labry et al., 2005). 
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Bacterial uptake of organic phosphorus in aquatic ecosystems was first studied in 
the 1970s, when attention was focused on eutrophication and the factors that 
influenced phytoplankton and bacterial growth. However, the potential role of 
organic phosphoois compounds in the environment has been largely ignored, 
partly because of the lack of widely available techniques for their measurement 
(McKelvie, 2005). Baderial uptake of inorganic P in sediment has been well 
studied. Addition of DIP to sediment may promote bacterial growth (Miettinen et 
al.. 1997; Sathasivan et al., 1997) or have no impact if carbon is the limiting 
nutrient (Appenzeller et al., 2001). 
Microcosms are suitable tools with which to measure bacterial utilisation of 
nutrients in natural waters over a time scale of days. Lucena et al. (1990) and 
Frias et al. (1992) developed such an approach in order to measure dissolved 
organic carbon (DOC) degradation. Here, an indigenous bacterial community 
was allowed to colonise an inert and porous material placed in a glass column. 
Kaplan and Newbold (1995) studied the utilisation of DOC by bacterial biofilms 
grown on borosilicate glass beads packed in a glass column, and stream water 
was used as the inoculum. An increasing concentration gradient of DOC was 
then applied and DOC concentrations in the microcosm inflow and outflow were 
determined. Their results showed that the biodegraded DOC (BDOC) as a 
percentage of influent DOC did not change significantly as the DOC 
concentration increased, implying that the microcosms had an excess of 
metabolic potential; in contrast, other experiments found that the uptake of DOC 
was proportional to the influent concentration of DOC. Sondergaard and Worm 
(2000) used the same approach and conduded that microcosms were not 
site-specific and required no acclimation to measure BDOC from three different 
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waters. These studies showed that it is appropriate to use a plug-flow microcosm 
approach to investigate the bacterial uptake of nutrients but that the experimental 
design is crucial for addressing a particular hypothesis. 
Badr et al (2008) were the first to apply the microcosm approach to investigate 
the ammonificatlon and nitrification of dissolved organic nitrogen (DON) and its 
relationship to total dissolved nitrogen (TDN). Their microcosm experiments 
showed that 12 % h"^  of the DON flux from the River Plym may be available to 
bacteria, indicating significant potential for DON removal during the residence 
time of the water in the estuary (several days). The bioavailable nature of some of 
the DON pool means that this N fraction significantly adds to the eutrophication 
burden of the receiving coastal waters and therefore cannot be ignored in 
environmental assessments. 
The aim of the microcosm experiments undertaken in the present work was to 
examine the potential uptake of selected dissolved organic phosphorus 
compounds and dissolved inorganic phosphorus by indigenous bacteria over 
periods similar to the freshwater residence lime of the Plym Estuary. The key 
questions are: (1) do estuarine bacteria hydrolyse DOP and if so, do they 
selectively hydrolyse particular DOP species e.g. those containing C -P , P-O-P or 
C-O-P bonds? and (2) do estuarine bacteria convert DIP to DOP in the water 
column? 
Orthophosphate was selected as the inorganic phosphorus species and 
glucose-6-phosphate (labile species) and phytic acid (refractory species) were 
selected as the two organic phosphorus species. The specific objectives were to: 
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1. Calculate the microcosm water residence time. 
2. Study the physico-chemical partitioning of DOP and DIP under abiotic 
conditions. 
3. Investigate the bacterial uptake of added orthophosphate, 
glucose-6-phosphate and phytic acid. 
4. Investigate vi^hether bacteria convert inorganic P to organic P or vice 
versa. 
5. Compare the extent of P uptake and partitioning in the blotic and abiotic 
microcosms. 
3.2 Experimental 
3.2.1 Model P compounds 
The phosphorus compounds chosen for this study were: 
o Potassium dihydrogen phosphate (KH2PO4). This is the simplest in a 
series of inorganic phosphates, and forms orthophosphate ion ( P 0 4 ^ ) in solution 
at the pH of the water used for this study. This compound is referred to as DIP in 
the text. 
o Glucose-6-phosphate (CeHiaOgP). This plays an important role in the 
carbohydrate metabolism of bacteria, plants and animals (Kirkman and Gaetani, 
1986). It is also one of the most labile organic P compounds. For details and 
structure, see Chapter 2 section 2.2.1. This compound is referred to as G-6-P in 
the text. 
o Phytic acid salt (C6H18O24P6)- Phytic acid Is generated from dead plants, 
and it Is one of the most chemically and biologically resistant organic P 
compounds. For details and stnjcture, see Chapter 2 section 2.2.1. It Is not 
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normally bioavailable to animals and most microorganisms but faecal (Steer et a!.. 
2004) and lactic acid (in animal blood) producing bacteria such as Bacteroides, 
Eubacterium and Clostridium groups (Taylor et a!.. 1999) produce an enzyme, 
phytase, which converts it to inorganic phosphate (Grases and March, 1989). 
Monbet et al. (2008) reported phytic acid in the Tamar Estuary in winter 
contributed up to 20 % of TDP. It has been shown that phytic acid is not 
extensionally hydrolysed in natural water under oxic conditions (Monbet et al., 
2009). However. Suzumura (1995) reported that phytic acid in marine sediments 
in Tokyo Bay was almost completely degraded by bacteria after 60 days under 
anoxic conditions. In contrast, only 50 % was degraded after 60 days under oxic 
conditions. Phytic acid also acts as a strong ligand because of its high anionic 
charge (Celi et al., 1999). Its propensity for complexing polyvalent cations is well 
known in soils and sediments, and on colloidal and particulate matter in aquatic 
systems (Anderson et al., 1974; Degroot and Golterman, 1993) Degroot and 
Golterman (1993) found that the addition of phytic acid to a suspension of 
orthophosphate adsorbed onto Fe(OOH) released orthophosphate. 
3.2.2 Plug-flow microcosm 
3.2.2.1 Microcosm set up 
The design and operation of the microcosms followed the approaches of Kaplan 
and Newbold (1995). Badr (2005) and Badr et al. (2008). The first microcosm 
system, termed "Siran", was set up on the 7*^  November 2005. It was composed 
of 4 parts: a 100 L glass tank containing the estuarine feed water, an 80 L glass 
tank for the collection of out flow water, the glass column microcosm containing 
Siran™ beads (Siran, Q V F Engineering, Mainz, Germany) and a peristaltic pump. 
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The microcxDsm was housed in a wooden box in the dark and the microcosm 
consisted of three 125 mL glass columns filled with Siran beads and quartz wool 
bed supports (Fig. 3.1). E a c h column contained 45 g of t)eads. The Siran beads 
are borosilicate glass, with diameters of 2 - 3 mm and a porosity of 50 - 65 % (Fig. 
3.3a). A schematic diagram of the microcosm setup is shown in Fig. 3.2. 
Microcosm array Inflow water reservoir 
I / 
Outflow water collection tank 
Fig. 3.1: The microcosm setup (left, microcosm system; right, microcosm array of three 
separate columns filled with Siran beads). 
' A / V V 
I / I 1 1 
Flow direction 
Aerator 
Filtered Plym water 
G l a s s beads (Siran^ 
Fig. 3.2: Schematic diagram of the plug flow microcosm. 
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(a) (b) 
(d) (e) 
(c) 
(f) 
Fig. 3.3: Electron micrographs of the beads: (a) a single Siran bead (X35); (b) a clean Siran 
bead (X3000); (c) Siran bead following one month of continuous exposure to Plym 
estuarine water colonised by bacteria (X2500); (d) Duran beads (X35); (e) a clean Duran 
bead (X2500); (f) Duran t>ead after one month of continuous expose to Plym river 
estuarine water colonised by t>acterla (X3000). The circles highlight bacteria on the 
surface of beads. 
A second microcosm named 'Duran' was set up in December 2006. The design 
was the same as the 'Siran' microcosm except that the borosilicate beads were of 
the Duran type (QVF Engineering, Mainz, Germany); these have a diameter of 1 
mm and zero porosity (Fig. 3.3d) Fifty seven grams of Duran beads were 
required to fill each glass column. The Siran and Duran beads were cleaned prior 
to use by soaking them in methanol for 24 h and then in 2 % HOI (v/v) for 24 h. in 
order to remove attached organic matter and inorganic contaminatbn. Then they 
were soaked in UHP water for 24 h, dried and then placed in a muffle furnace at 
450 '^C for 1.5 h in order to bum off recalcitrant organic matter. 
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Colonisation of the beads by a microbial community was achieved in 3 months by 
running Plym estuarine water through each column with a total flow rate of 1 mL 
min'V The prior to use water was filtered though a G F / F glass fibre filter (0.7 \im 
pore size). This type of filter was selected to allow rapid filtration of the large 
volumes of water required. A 0.7 pm pore size removes all of the large organic 
and inorganic suspended particulate matter and plankton (Norrman, 1993). 
However, bacteria remain in the filtrate and bacteria are an integral part of the 
experiment. After 3 months the concentration of DIP in the outflow water was 
uniform, which indicated that the bacteria in the microcosm were in the stationary 
growth phase. The appearance of the beads before and after exposure to 
estuarine water Is shown in Fig. 3.3. Transmission electron microscopy (TEM) 
was used to monitor bacterial growth on the beads (Amako and Umeda, 1977). 
The clean Siran and Duran beads can be seen in Fig. 3.3b and 3.3e, whereas 1 
month after incubation, bacteria and biofilms can be seen on the surface of Siran 
and Duran beads (Figs. 3.3c and 3.3d respectively). 
Water for the experiments was subsequently collected on the 4^ November 2005, 
18"^  February 2006, 15^ ^ May 2006, 17^ September 2006. 12*^ February 2007. 
30^ April 2007. 27"^ August 2007. 21^ January 2008 and 11"' April 2008 from the 
freshwater tidal reach of the Plym Estuary (Devon. UK; Grid reference S X 
519634). Concentrations of DIP and DOP during the initial 3 month colonisation 
period were monitored for the Siran microcosm. In the first few weeks of 
incubation, the outflow DIP and DOP concentrations varied in an irregular 
manner as the natural bacteria colonised the beads. There was no evidence of 
loss of DIP or DOP at this stage. The TEM images showed that the beads had a 
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diversity of bacterial species as identified by morphology. After the first few 
weeks of incubation, concentrations of TDP (DIP and DOP) in the outflow water 
decreased from 20 - 15 ^g L"^  to below the detection limit of the segmented flow 
analyser (see chapter 2). The TEM images showed that a biofilm had formed on 
the beads and the bacteria population had qualitatively increased. In the last few 
weeks of the initial 3 month period the DIP and DOP concentrations in the outflow 
waters could be detected but were still low. The numbers of bacteria in the 
biofilms in the Siran and Duran microcosms were similar, at 1.4 x10^(Duran)and 
1.8 X 10® (Siran) cfu cm'^ per g of beads, respectively. 
The incubations were carried out in the dark and at a constant temperature of 
15 **C. Reservoirs and microcosm columns in a wooden box were wrapped in 
black plastic film to inhibit photosynthetic activity. The feed water was kept 
oxygenated through the use of a 24 h operation air pump and the dissolved 
oxygen concentration remained in the range 10.2 - 11.8 mg L'\ i.e. fully aerated, 
as measured by a YSI 5700 dissolved oxygen meter. As a control, a third 
microcosm was set up as the abiotic microcosm in 2007. This microcosm had 2 
glass columns, one filled with Siran beads and one with Duran beads. The abiotic 
microcosm was constantly supplied with UHP water. 
Stock solutions (10 mg L" )^ of the three phosphorus compounds were made up 
and stored in the dark at 4 °C, and sub-samples taken as required. The 
orthophosphate and G-6-P solutions were stored for up to 2 weeks, and the 
phytic acid solution was stored for up to 6 months. 
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During the experiments, samples were taken at regular intervals from the inlet 
and outlet flows using low-density polyethylene ( L D P E ) bottles. Forty mL aliquots 
were collected each time and immediately filtered through 0.2 pore diameter 
cellulose acetate membranes. Separate 20 mL aliquots were taken for DIP and 
TDP detemninalions. The former aliquot was refrigerated and analysed within 48 
h. whilst the latter was frozen and analysed within 1 month. 
Water samples for the determination of TDP and DIP were analysed using a 
segmented fiow analyser (for details see Chapter 2, sections 2.3.1 and 2.3.2). 
DOP was esfimated by the difference between T D P and DIP. The bacterial 
populations in the microcosms were estimated following the end of the step 
change experiments using the standard colony forming unit (CFU) method (Miles 
and Misra, 1938). This was only done once because of the impracticality of 
opening the columns on a frequent basis during the experiments. For this method 
0.1 g of Duran and Siran beads were taken and carefully washed with 0.9 mL of 
balanced bacteriological saline solution water for 15 min. This water was then 
diluted 100 fold and 0.1 mL was then smeared onto an IP agar plate. The agar gel 
was prepared by dissolving 10 g glucose; 5 g Ca3(POAh', 0-3 g NaCI; 0.5 g 
(NH4)2S04; 0.3 g MgS04; 0.3 g KCI; 0.03 g MnS04; and 0.03 g FeS04 in 1000 mL 
of distilled water. Plates were done in triplicate, and bacterial colonies were 
counted after culturing at 15 °C for 7 days. The Siran microcosm operated for 15 
months, and the Duran microcosm operated for 7 months. 
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3.2.2.2 Water residence time 
The water residence time is defined as the time taken for the sample solution to 
travel from the inlet to the outlet of the microcosm, whilst the refill time is defined 
as the time taken to completely replace the volume of estuarine water in the 
microcosm. If the flow rate is high and the residence time is low. the nutrients 
could pass though the columns too quickly for bacterial uptake or enzyme 
induction. Therefore the residence time is an important operational parameter for 
the experimental design. The detennination of the water residence time was 
undertaken using the abiotic microcosm. 
One L of 1 M KCl was loaded onto the microcosm until the outflow KCl 
conductivity reached a steady state, and then the water residence time of the 
microcosm was calculated from outflow plots of KCl conductivity versus time. The 
steady state concentration was defined as the P or KCl concentration that 
showed < 10 % variation over time. 
The step change experiment can be divided into a step up phase and a step 
down phase. An outflow P concentration model was therefore designed and 
divided into 5 phases (Fig. 3.4). For the step up experiment, the inlet tube was 
transferred to a smaller 10 L reservoir containing 1 M KCl. When the microcosm 
outlet reached Phase III (or steady state), the inlet tube was then switched back 
to the normal UHP water reservoir (step down experiment); the outflow KCl 
conductivity was investigated until it reached Phase V. The conductivity of the 
KCl in the inflow was measured once with the outflow KCl conductivity was 
measured at regular time Intervals. After each experiment, the microcosm system 
was reconditioned with UHP water for 2 weeks. The same step up/step down 
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approach was used for the P compounds and each P step change (spike) 
experiment was repeated twice in the same microcosm. 
> 
3 
C 
o o 
Phase I 
Switch back to original feed water 
(step down constituent) 
Phase III 
Phase IV 
Phase V 
Addition of constituent 
(step up constituent) 
Time(h) 
Fig. 3.4: Schematic diagram showing expected change in the conductivity or 
concentration of a conservative (non-reactive) dissolved constituent, with time, in the 
outflow water of the microcosm following a single addition of the constituent to the inflow 
water. Phase 1 represents the initial concentration in the y - axis property (steady baseline) 
before the addition of the dissolved constituent (KCI or P compounds); Phase II 
represents the increase after addition of the constituent; Phase III shows the y-axis 
property reaching a plateau; Phase IV shows the decrease y-axis property after switching 
back to the original water; Phase V is the steady state concentration after switching back 
to the original water. 
Whilst the physical characteristics of the beads were different (Table 3.1) the 
theoretical volume occupied by each bead type in the columns was similar. This 
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was confirmed by measurements of the water volumes in the Siran and Duran 
columns, which were also similar (Table 3.1). As a consequence, the refill times 
for both column types were similar for the same inflow rates. 
Table 3.1: Physical and hydrodynamic characteristics of Siran and Duran bead filled 
columns. 
Siran beads Duran 
Glass column (mL) 125 125 
Bead total weight (g) 46 57 
Bead density (g cm" )^ 0.80 1.07 
Bead diameter (mm) 2 - 3 1 
Bead porosity 50 - 65 % 0 % 
Bead volume (mL) 57.1 53.4 
Water volume (mL) 67.9 71.6 
Inlet flow rate (mL min'^) 0.33 0.33 
Outlet flow rate (mL min'^) 0.17 0.16 
Minimum refill time for each microcosm (h) 6.6 7.7 
Fig. 3.5 shows the transport of a 20 h step up addition of 1 M KCI solution through 
the two column types. Both the Siran and Duran columns had residence times of 
< 2 h, which is in agreement with the residence time of 62 min reported by Badr 
(2005) using the same microcosm set up. A more accurate assessment of 
residence time could have been obtained vAih a higher sampling frequency but 
was not necessary in the context of this work. Both the Siran and Duran columns 
reached a steady state after 10 h, which is therefore the refill time. The refill time 
was confirmed by the step down results. At 20 h, the inflow was switched back to 
UHP water and both columns took about 10 h to replace all of the KCI with UHP. 
Although both the Siran and Duran columns reached a steady state after 
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approximately 10 h, there was a lag in response for the Siran column. This can be 
explained by the higher tortuosity (i.e. longer path length) in the Siran columns 
due to their porous nature, and hence longer flushing times. 
50000 
Refill time 
• Siran • Duran 
Refill bme 
^ 30000 
-o 20000 
Time (h) Residence time 
Fig. 3.5: Detennination of the residence and refill time for a solution of KCl in the 
microcosms. •Siran beads; • Ouran beads. 
3.2.2.3 Microcosm experiments 
For the abiotic (control) experiments the step change experiments used 80 pg P 
L'^  addition of orthophosphate. G-6 -P and phytic acid respectively to the inlet 
UHP water. The reason UHP water was chosen as the abiotic matrix was 
because of the difficulty in sterilising a large volume of estuarine water. The 
concentration of 80 \ig P L'^ w a s chosen because it was at the upper end of the 
range of T D P concentrations typically found in Plym river water (see Table 3.2) 
and because it provided analytically robust measurements. 
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3.3 Results and discussion 
3.3.1 Chemical characteristics of the Plym estuarine water used in 
the microcosm experiments 
The average concentration of DIP and DOP in Plym estuarine water varied 
between November 2005 - April 2008, as shown in Table 3.2. The maximum 
TDP (DIP + DOP) concentration was 80 \ig P L w h i c h was chosen as the step 
up concentration for each of the three P species (orthophosphate. G-6-P and 
phytic acid) in the experiments discussed below. 
Table 3.2: Concentrations of DIP and DOP in the Plym Estuary water collected between 
November 2005 to April 2008. 
DIP ((ig P L"") DOP(^gPL•^) 
Mean S.D* min max Mean S.D min max 
34 26 8 60 9 11 <3 20 
* represents ± 1 standard deviation of the results from 22 samples analysed in triplicate. 
During periods of low river flow both DIP and DOP in the estuary were high, with 
a maximum of 60 \ig P L'^ DIP and 20 ng P L"^  of DOP. In contrast during periods 
of high river flows, the DIP and DOP concentration were lower, between 1 0 - 2 0 
ng P L"^  and less than 10 ng P L ' \ respectively. These patterns probably reflect 
the dilution of sewage effluent at high river flows. Each of the collected estuarine 
water samples lasted about 3 months, during which time a slight decrease in 
concentrations of DIP occurred. For DOP no significant (p < 0.05) change was 
observed. 
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3.3.2 Abiotic (control) experiments 
The aim of abiotic microcosm experiments was to study any physico-chemical 
uptake of the model P compounds onto the Siran and Duran beads in the 
absence of the bacterial biofilms. 
The orthophosphate step change experiments (Fig. 3.6a and b) gave similar 
concentration profiles in both the Siran and Duran columns. The DIP 
concentrations in both the Siran and Duran outflow water reached a steady state 
at 22 h. This refill time is higher than the refill time for KCl (10 h) which is 
attributed to changes in the physical packing of the beads in the columns and 
changes in the design of the hardware, particularly the pumping system. 
However the flow rates were monitored throughout the abiotic experiments and 
remained constant over this time period. Table 3.3 gives the changes in DIP 
concentrations in the outflow water during the experiment. Thus, before the step 
up the DIP concentration in the outflow was less than the detection limit. During 
phase III. the outflow DIP concentration increased to 86 (Siran) and 84 (Duran) 
^g P L'^  (Table 3.3). which is equivalent to the step up concentration taking Into 
account measurement error. Following the step down, the DIP concentration 
decreased to 1 ^g P L"^  during phase V, indicating that there was insignificant 
partitioning of DIP on to the beads and other internal surfaces. Thus, 
physico-chemical interactions between Siran and Duran beads and inorganic P 
can be considered negligible when considering the results from the biotic 
experiments. 
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Fig. 3.6: DIP (•) and DOP (•) concentrations in the outflow water from the microcosm Siran 
and microcosm Duran during the abiotic experiment, (a) and (b) DIP concentration from 
spiking with 80 Mfl ^ L^ as orthophosphate; (c) and (d) DIP and DOP concentration from 
spiking with 80 pg P as G-6-P; (e) and (f) DIP and DOP concentration spilling with 80 pg 
P L"' as phytic acid, (a), (c) and (e) are microcosm SIran; (b), (d) and (f) are microcosm 
Duran. Time 0 represents the DIP and DOP background concentrations and the time at 
which the inflow was spiked, i represents the refill time. 
For the G-6-P step change experiments (Fig. 3.6c and 3.6d), DOP concentrations 
had increased in the outflow by 4 h in both the Siran and Duran columns 
Concentrations of DOP increased with time and reached a steady state at about 
57 (Siran) and 53 (Duran) \jg P after 22 h of the step up experiment. DOP 
concentrations decreased back to the original concentrations in the step down 
experiment in both systems at 55 h. DIP concentrations also increased and 
reached steady states at 24 (Siran) and 31 (Duran) pg P L'\ This indicated that 
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approx 30 % and 38 % of the G-6-P was converted in the Siran and Duran 
columns respectively within 22 h. As the columns were kept in the dark it is likely 
that G-6-P has undergone hydrolysis to release DIP. This is consistent with the 
batch experiments described in Chapter 2 (section 2.3.2.4), which showed that 
up to 17 % of G-6-P was hydrolysed in 3 days at 4°C. The difference in the extent 
of hydrolysis compared with the batch microcosm experiments indicates that 
either temperature or the dynamic movement of the water affected the rate of 
hydrolysis. 
Table 3.3: Mean DIP and DOP concentrations {\ig P L*^ ) in inflow and outflow waters 
following additions of 80 pg P L'^  orthophosphate, G-6-P and phytic acid during separate 
abiotic experiments (ND = not determined; LDL = less than detection limit). For phase I, III 
and V refer to Fig. 3.4. 
Inflow 
before 
step up 
Outflow 
before step 
up (phase 1) 
Outflow 
during phase 
III 
Gain / L o s s 
(phase III -
phase 1) 
Outflow 
during 
phase V 
Gain/ loss 
(phase V -
phase 1) 
Orthophosphate DIP LDL 3 86 + 83 1 - 2 
(S)ran) DOP ND ND ND ND ND ND 
Orthophosphato DIP LDL 3 84 + 81 1 - 2 
(Duran) DOP ND ND ND ND ND ND 
G-6-P DIP LDL LDL 24 + 24 2 + 2 
(Siran) DOP LDL LDL 57 + 57 2 + 2 
G-6-P DIP LDL LDL 31 + 31 2 + 2 
(Duran) DOP LDL LDL 53 + 53 2 + 2 
Phytic a d d DIP LDL 3 4 + 1 2 - 2 
(Siran) 
DOP LDL 1 70 + 69 2 + 1 
PhyUc acid DIP LDL 1 2 + 1 2 + 1 
(Duran) 
DOP LDL 5 85 + 80 2 - 3 
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Phytic acid reached a steady state concentration In the outflow water after 22 h in 
both columns. The steady state concentration of 69 and 80 L'^  indicated that 
there was no partitioning of the phytic acid onto the Duran beads, but a small 
uptake onto the Siran beads. In addition, the DIP data showed no conversion of 
phytic acid during the experiments, consistent with the refractory nature of this 
compound. 
In summary, none of the species exhibited physico-chemical partitioning on to the 
Siran or Duran beads, except for a small amount of adsorption of phytic acid on 
the Siran microcosm due to the high porosity as show in Table 3 . 1 . However, 
there was a significant (30 - 38 % ) hydrolysis of G-6-P, which was confirmed by 
increased DIP, as shown in Table 3.3. 
3.3.3 Biotic experiments using orthophosphate 
Dissolved inorganic orthophosphate is generally thought to be the main 
phosphorus species taken up by bacteria. The step change inorganic 
phosphorus experiments in the biotic microcosms were designed to investigate 
the uptake/utilisation of DIP in the two microcosms over a period of 80 h. The 
starting conditions for the Siran microcosm were 17 ± 1 pg P L'^  of DIP and 5 ± 1 
pg P L"^  of DOP at the Inflow and 3 and 2 pg P L"^  DIP and DOP at the outflow. 
Since the Siran microcosm was at a steady state this indicates that the bacteria 
were constantly taking up 15 and 3 pg P L"^  DIP and DOP respectively. The 
Duran microcosm had similar inflow and outflow concentrations (see Table 3.4). 
Fig. 3.7 shows that the DIP profiles for the Siran and Duran microcosms were 
similar. The DIP concentrations in the outflow of the Siran and Duran microcosms 
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increased from 3 and 5 | jg P L'^ to steady state concentrat ions at phase III of 68 
and 79 pg P L'^ at 38 h and 30 h. i.e. net gains of 65 and 74 \xg P L'^ respectively, 
during the step up experiments (see Table 3.4). Hence the refill t ime was longer 
than for the abiotic microcosms, again due to changes in the pumping system 
and also the presence of the biof i lm on the beads. Outf low f low rates we re 
monitored throughout the biotic exper iments and remained relatively constant. 
The DOP profiles for the two microcosms were also similar, with net ga ins dur ing 
phase 111 of 13 (Siran) and 8 (Duran) pg P L "* respectively. The DIP and D O P 
concentrations in the outflow decreased back to the original concentrat ions 
dur ing the step down experiments. 
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Fig. 3.7: DIP (•) and DOP ( a ) concentrations in the outflow water of the microcosms during 
the biotic experiment Incorporating the addition of 80 pg P L'* orthophosphate. a) 
Microcosm Siran; b) Microcosm Duran. Time 0 shows the beginning of the step up phase, 
i represents the refill time. Error bars represent ± 1 s .d. of the results from 3 columns with 
each sample analysed In triplicate (n a 9). 
These data show that there w a s no signif icant uptake of DIP in either microcosm 
during the step up experiments; indicating that P was not the limiting nutrient. The 
small increases in DOP concentrat ions suggested that there may have been 
some release of DOP to the water dur ing the step up period. This could have 
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been due to bacterial uptake of DIP followed by intracellular conversion to OP 
and subsequent release as DOP into the surrounding water (Prescott et al. , 
1999). The longer refill t ime for the Siran microcosm (38 h compared with 30 h) 
was again due to the higher porosity, as discussed In section 3.2.2.2. 
Table 3.4: DIP and DOP concentrations (pg P L ' \ n = 9) in the inflow and outflow waters of 
the microcosms during biotic experiments incorporating the addition of 80 \ig P L'^ 
orthophosphate. 
Microcosm 
Inflow 
at phase 1 
Outflow 
phase 1 
at Outflow at 
phase III 
Gain /Loss 
(phase III - 1 ) 
Outflow at 
phase V 
Gain/loss 
(phase V - 1) 
DIP 17± 1 3 ± 0 68 ± 5 + 65 6 ± 1 + 3 
Siran 
DOP 5 ± 1 2 ± 1 1 5 ± 2 + 13 8 ± 3 + 5 
DIP 22 ± 2 5 ± 1 79 ± 3 + 74 4 ± 1 - 1 
Duran 
DOP 9 t 2 5 ± 4 13± 1 + 8 3 ± 1 + 3 
3.3.4 Biotic experiments using glucose-6-phosphate 
Monbet et al . (2009) suggested that in the summer the labile DOP pool in the 
Tamar Estuary can constitute up to 26 % of dissolved total phosphorus (TDP) 
and therefore be a potentially significant source of bloavailable P. The G-6-P step 
change experiments were designed to evaluate whether this was the case for 
natural bacteria in the adjacent Plym Estuary. 
Fig. 3.8 shows that the DIP profiles in the two microcosms were similar. The Siran 
microcosm gained 50 ^9 P L'^  DIP, equivalent to 62 % of the total available 
G-6-P and the Duran microcosm gained 62 pg P L ' \ equivalent to 77 % of total 
available G-6-P at phase III (Fig. 3.8 and Table 3.5). In contrast there was no 
significant increase In DOP in either microcosm at phase III, implying almost 
complete conversion of G-6-P to DIP. DIP decreased back to the phase I 
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concentration at phase V in both systems. The almost complete conversion of 
G-6-P to DIP during the step up experiments in both microcosms suggests that 
G-6-P hydrolysis and/or bacterial utilisation occurred. The abiotic experiments 
(Table 3.3) suggested approximately 25 % of the G-6-P was hydrolysed, implying 
that bacterial related conversion was the dominant process in these experiments. 
This supports the hypothesis that the labile DOP pool (represented by G-6-P in 
these experiments) is a potentially important source of P for bacteria. 
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Fig. 3.8: DIP (•) and DOP (•) concentrations in the outflow water of microcosms during the 
biotic experiment incorporating the addition of 80 pg P L*^  G-6-P. a) Microcosm Siran; b) 
Microcosm Duran. Time 0 shows the beginning of the step up phase. I represents the refill 
time. Error bars represent ± 1 s.d. of the results from 3 columns with each sample 
analysed in triplicate (n = 9). 
Table 3.5: DIP and DOP concentrations (pg P L ' \ n = 9) in the inflow and outflow waters of 
the microcosms during biotic experiments incorporating the addition of 80 \ig P L*^  G-6-P. 
G-6-P Inflow at phase 1 
Outflow at 
phase 1 
Outflow at 
phase III 
Gain /Loss 
(phase ni-l) 
Outflow at 
phase V 
Gain/loss 
(phase V - 1 ) 
Siran DIP 22 ± 1 2 ± 0 52 ± 3 + 50 1 0 ± 2 + 8 
DOP 6 l 2 1 0 ± 0 4 ± 2 - 6 5 ± 2 - 5 
Duran DIP 26 ± 2 9 ± 0 71 ± 3 + 62 1 0 ± 2 + 1 
DOP 6 ± 2 6 ± 1 13± 1 + 7 2 ± 2 - 4 
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3.3.5 Biotic experiments using phytic ac id 
There was a relatively fast release of DIP during the first 6 h in the Siran 
microcosm, with the concentration increasing from 7 to 41 pg P L'^  as shown in 
Fig. 3.9. In contrast there was very little DIP released during this period in the 
Duran microcosm. The DIP concentrations In the two microcosms reached 
steady states of 48 and 76 pg P L"^  at 40 and 43 h respectively (Fig. 3.9 and Table 
3.6). The DIP concentrations in both microcosms decreased to the starting 
concentrations after 100 h during the step down experiments. The DOP profiles 
were similar in both microcosms but the phase III concentration was higher in the 
Siran microcosm (30 pg P L'^) than in the Duran microcosm (17 pg P L"^). 
The release of DIP from both microcosms indicates some interplay between 
phytic acid and DIP. Monbet et a l . (2009) reported that phytic acid Is resistant to 
degradation in natural water for up to 6 months, and this experiment was only for 
5 days, suggesting that the release of DIP was not due to natural hydrolysis or 
bacterial conversion. The more likely process in these experiments is physical 
replacement of DIP by phytic acid on the biofilm surface (Cell et al. . 1999), as 
discussed in section 3.2.1. The difference between the phase III concentrations 
of phytic acid and the step up concentration (80 pg P L'^) would be sufficient to 
account for the increase In DIP. 
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Fig. 3.9: DIP (•) and DOP (•) concentrations in the outflow water of the microcosms during 
the biotic experiment incorporating the addition of 80 pg P L'^ phytic acid, a) Microcosm 
Slran; b) Microcosm Duran. Time 0 shows the beginning of the step up phase, i 
represents the refill time. Error bars represent ± 1 s.d. of the results from 3 columns with 
each sample analysed In triplicate {n a 9). 
Table 3.6: DIP and DOP concentrations (pg P L ' \ n » 9) in the inflow and outflow waters of 
the microcosms during biotic experiments incorporating the addition of 80 pg P L'^  phytic 
acid. 
Phytic 
acid 
Siran 
Duran 
Inflow 
phase 1 
at Outflow 
phasel 
at Outflow at 
phase ni 
Gain /loss 
(phase m-l) 
Outflow at 
phase V 
Gain /loss 
(phase V - 1 ) 
DIP 29 ± 4 7 ± 0 48 ± 3 + 41 7 ± 2 0 
DOP 11 ± 2 6 ± 0 36 ± 4 + 30 2 ± 1 - 4 
DIP 2 6 l 2 2 ± 0 76 ± 1 + 74 3 ± 0 + 1 
DOP 14 ± 1 1 ± 0 1 8 ± 5 + 17 1 ± 0 0 
Overall , these exper iments suggest that bacteria do not directly or indirectly 
utilise refractory P species (represented by phytic acid in these exper iments). 
However phytic acid can contr ibute to the bioavailable DIP pool by physical 
displacement of DIP f rom the surface of suspended and benthic particulate 
matter (Celi,1999). 
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3.4. Conclusions 
This is the first t ime that a microcosm system has been used to investigate 
bacterial uptake of P. Overall, the microcosm system appears suitable to 
Investigate the bacterial up take of nutrients over periods of days. The Siran and 
Duran microcosms showed generally similar trends, and none of the P species 
exhibited physical partitioning onto the Siran or Duran beads under abiotic 
conditions, except for 13.7 % uptake of phytic acid onto the Siran beads. About 
30 - 38 % of the G-6-P was hydrolysed under abiotic conditions in both the Siran 
and Duran microcosms. 
The biotic orthophosphate experiments showed that P was not the limiting 
nutrient and that some DIP was converted to DOP In the water column. Over a 
period of 30 - 40 h, 15 % of the DIP was taken up by the Siran and Duran 
microcosms, whilst the same amount of DOP was released. The biotic G-6-P 
experiments showed similar profiles of P exchange for both the Siran and Duran 
systems, with 62 - 77 % of added G-6-P converted to DIP. The conversion of 
labile G-6-P to DIP was due to both abiotic hydrolysis and bacterial conversion. 
Indicating that this fomn of P can be a nutrient source for bacteria. The biotic 
phytic acid experiments showed that there was no significant bacterial uptake but 
there was significant displacement of IP from the biofilm surface in both 
microcosms, releasing bloavailable DIP into solution. Hence the role of refractory 
DOP species cannot be ignored when considering phosphorus cycling in particle 
- water systems. The physical uptake of phytic acid was greater onto the Duran 
microcosm than the Siran microcosm, with the consequence that more particle 
bound inorganic P was released back into solution. 
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In the wider estuarine context, the microcosm results showed that DIP and labile 
DOP can act as sources of P for bacteria but the direct uptake of refractory DOP 
is not significant. However, refractory DOP species, particulariy phytic acid, may 
still play an important role in the cycling of P between sediment and water due to 
physical displacement of DIP from the biofilm surface. 
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Chapter 4. Phosphorus transformations in a 
sediment-water flume 
4.1 Introduction 
Phosphorus is an essential element for growth in aquatic systems and is 
frequently the limiting nutrient in freshwaters and some marine waters. Although 
the effects of eutrophication are well known, the processes and mechanisms of 
phosphorus release from different reservoirs are pooriy understood (Wang et al. , 
2003). Dissolved inorganic phosphorus (DIP) is the most important form of 
phosphorus because it can be directly taken up by phytoplankton; dissolved 
organic phosphorus (DOP) (e.g. phospholipids, phytic acid, ATP) usually cannot 
be directly utilised by phytoplankton. but can be transformed into a bioavailable 
Inorganic form by physical, chemical or biological processes as discussed in 
Chapter 3 (Kim et al., 2003). Sediment represents both the largest sink and the 
largest source of P in aquatic systems (Baldwin et al. , 2002) and the behaviour of 
particle-associated molecules is closely linked with particle dynamics. Therefore, 
increased suspended particulate matter (SPM) concentrations during turbulent 
episodes in rivers and estuaries could enhance the release of DIP and DOP into 
the water column. 
The aim of the work described in this chapter was to use a mini-annular f lume to 
investigate the effect of turbulent resuspension events (e.g. wind, storm and tidal 
induced turbulence) on the release of phosphorus species from sediment under 
controlled laboratory conditions. The specific objectives were to: 
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1. Apply an in situ sedimentation basin sampler in the Tamar Estuary to 
collect SPM. 
2. Physically and chemically characterise Gunnislake SPM and Calstock 
surface sediment. 
3. Determine the concentrations of DIP and DOP released by resuspended 
Tamar Estuary sediments under different shear stresses (turbulence) and 
In different water bodies. 
4. Assess the environmental factors affecting P transfer between sediment 
and the water column in rivers and estuaries. 
4.2 Experimental 
4.2.1 Sampling 
Surface sediment, suspended particulate matter and water were collected from 
the Tamar Estuary (Fig. 4.1) which is a typical, turbid macrotldal estuary for which 
extensive background water quality data are available. The Tamar Estuary drains 
an area of 590 km^. The length of the estuary, from Gunnislake (the tidal limit) to 
the mouth of the estuary in Plymouth Sound is 31.5 km. The geology of the region 
is mainly composed of underiying slate, l imestone and grit (Environment Agency, 
1996). Estuarine flushing time is typically one day in winter, when instantaneous 
flow can exceed 38 m^s"^ (Miller. 1999). increasing to one week in summer when 
flows can be as low as 5 m^s'V Classification of the Tamar Estuary based on the 
type of mudflats shows that the system can be sub-divided into two areas: 
Calstock to Gunnislake (macro with very steep slope) and South Hooe - Weir 
Quay near river Tavy (macro with low slope) (Dyer. 2000). 
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Calstock sampling site 
Fig. 4.1: Sampling sites. 
4.2.1.1 Surface sediment collection 
A 1 kg scrape sample of deposited surface sediment (top 10 mm) w a s col lected 
from the Tamar Estuary bed at low tide ( 1 5 : 4 5 , 1 7 ^ October 2007) off a sl ipway at 
Calstock, Devon (SX 436 684). An ac id-washed plastic scoop was used and the 
sample was transferred into a high density polyethylene (HOPE) container and 
stored frozen at -20 °C until use. 
4.2.1.2 SPM collection 
A sedimentat ion basin particle sampler (SBPS) (Fig. 4.2) , suppl ied by Dr 
Matthias Ricking f rom the Free University of Berl in, was used to collect 
resuspended particles (kg amounts) for characterisation and experimentat ion. 
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Before deployment the SBPS sampler was soaked in 0.5 % mA/ detergent 
(Nutricon), rinsed thoroughly with ultra high purity (UHP) water and air dr ied. The 
SBPS was d e p b y e d with the inlets facing upstream at a depth of -1 m at a 
riverine sampling station near Gunnislake (SX 426 725) for 2 - 4 week periods 
during the winter of 2007 - 2008. Samples were then transferred f rom the SBPS 
into HDPE bottles using an acid washed plastic scoop The sample slurries were 
then frozen at -20 until use. The sedimentat ion basin system consisted of a 
sedimentat ion unit and a filtration unit, as shown in Fig. 4.2. River water was 
routed into the sedimentation basin via inlet holes and slowed down by the blades 
and SPM was deposited in the sedimentation basin by gravitational sett l ing. 
Fig. 4.2: (left) Schematic diagram of the Sedimentation Basin (SB) particle sampler and 
(right) deployment at Gunnislake. 
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4.2.2 Instrumentation and procedures 
4.2.2.1 Mini-annular flume and cleaning procedures 
Experiments were performed in a turbulent water co lumn (Manning and Dyer. 
2002) created by a mini-annular f lume (Fig. 4.3). The annular f lume was 
specifically constructed to enable rapid sample removal for chemical analysis 
and has been used previously in physical cohesive sediment exper iments 
(Manning and Dyer. 1999). It was fabricated f rom gel-coated fibreglass with an 
outer diameter of 1.2 m, a channel width of 0.1 m and a max imum depth of 0.15 m. 
The channel section holds a nominal fluid vo lume of 45 L. The detachable roof 
and ring components were machined f rom 10 m m thick Perspex® sheets. 
Time series sampling 
with pipette over shear 
stresses and SPM 
conditions 
Perspex 
annular ring 
with paddles 
Motor with 
calibrated 
speed control 
50 L fibreglass 
stationary tank 
with controllable 
drainage 
Fig. 4.3: Mini-annular flume. 
The annular ring was suspended from the roof section by six M8 stainless steel 
threaded rods The motor configuration to drive the flume annular ring compr ised 
a 370 W single-phase electronic 230 V 2-pole AC motor with a max imum 
rotational rate of 3000 rpm The motor was mounted vertically with the drive-shaft 
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connecting into a specialist reduction gear box, to which the flume roof could be 
attached. 
Initial sei up: The flume was assembled and rinsed In 0.5 % detergent solution 
(Decon Neutracon®) for 48 h. It was then drained and rinsed thoroughly with 
de-ionised water. Following this, the flume was rinsed in 10 % v/v HCI (Analytical 
reagent grade, Fisher) for 24 h, then drained and rinsed 3 times with ultra high 
purity (UHP) water (^18.2 MQ c m ' \ Elga™). 
Da/7y use; After each use the flume was first cleaned with tap water using a high 
pressure hose to remove all remaining sediment. Next the walls were sprayed 
with 0.5 % detergent solution and rinsed with deionised water. The flume was 
then filled with 5 % v/v HCI and left to soak overnight (12 - 16 h). It was then 
drained and rinsed three times with UHP water before filling with the aqueous 
medium used for the next experiment. 
4.2.2.2 Mini-annular flume experiments 
Before starting each experiment a sample of the flume water matrix was taken for 
use as an analytical blank and three filtered blanks were collected as procedural 
blanks. The filtered blanks were obtained by filtering the matrix through GF/F filter 
which was then ashed (three successive aliquots labelled filtered blanks 1, 2 and 
3). 
In each experiment, slurry was added to the fiume channel and incrementally 
increased levels of shear stress were applied. Both the shear stresses and slurry 
concentrations applied were within the ranges observed in the Tamar Estuary 
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(Environment Agency, 1996). The fol lowing sequence of events was then 
performed to simulate the varying physico-chemical condit ions (resulting f rom 
changes in shear stress) in a macrotidal estuary within the t imescale of one 
complete tidal cycle: 
1) Take To sample with syringe, add sediment (Fig. 4.4), stir for 30 s (shear 
stress 0.91 N m"^), equil ibrate for 1 h and take T i sample. 
2) Apply a shear stress of 0.06 N m"^ for 30 min, t um off motor, immediately 
take T2 sample. 
3) Repeat step 2 for three more shear stresses (0.35. 0.60, 0.91 N m ^. T 3 -
T 5 samples). 
4) T u m off the motor and leave for 18 - 24 h to equil ibrate, then take Te 
sample. 
5) Repeat step 2 for the four shear stresses (T7 - T10 samples). 
Water was sub-sampled throughout each run to measure changes in DIP and 
DOP in filtered water column samples (see section 4.2.2.4 ). 
Fig. 4.4: Sediment slurry added to the mini-flume. 
92 
Three matrices were chosen for the mini-f lume experiments. UHP water and 
artificial seawater (ASW), to mimic DIP and DOP release into pristine end 
members of an estuarine system, and Tamar river (salinity 0) water collected at 
Gunnislake. 
(1) UHP water (^18.2 MQ cm'\- salinity = 0; no initial phosphorus; pH - 6 ) . Before 
each experiment, 45 L of UHP water was collected in acid washed carboys and 
carefully transferred into the mini-flume. 
(2) Artificial seawater (ASW) (salinity = 36; pH - 8 ) . Before each experiment. 45 L 
of UHP water was collected in acid washed carboys and a mixture of the major 
salts present in sea water was added (see Table 4.1) to make an artificial saline 
matrix. The salt mixture was prepared using a simplified recipe based on that of 
(Morel et al.. 1979). The carboys were then shaken vigorously, left for 48 h and 
carefully transferred into the mini-flume. 
(3) Gunnislake river water (salinity = 0; pH 7). 100 L of Gunnislake water was 
collected in acid washed carboys on 2 5 ^ February 2008 at the same location 
where Gunnislake sediment was collected. Water sample was then transferred to 
the lab and immediately filtered through a separate 0.7 pm pore size GF/F filter 
membrane (Whatman) to remove SPM and storage at room temperature. 
Seven sets of experiments were carried out (numbered E l - E7, Table 4.2) to 
investigate the riverine SPM (Gunnislake SPM sample) and surface deposited 
estuarine sediment (Calstock sample) in the waters. Calstock sediment in UHP 
and ASW was used In E1/E2 and E3/E4, respectively, to investigate the 
reproducibility of the results. 
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For all experiments the temperature was kept constant at 18 - 20 °C and the 
sediment load was 0.5 g V\ For the chemical analyses, ultra high purity water 
(UHP, ^18.2 MQ cm"^) from a water purification unit (Elga) was used for all rinsing 
and solutions unless stated othen^se. All plasticware and glassware were 
soaked for 24 h in 0.5 % Decon Neutracon®. rinsed with UHP water, soaked for 
24 h in 10 % v/v HCI (Analytical Reagent Grade, Fisher) and rinsed 3 times with 
UHP water. All glassware was wrapped in aluminium foil and combusted in a 
furnace at 450 for 4 - 6 h prior to use. 
Table 4.1: Salt mixture added to 25 L UHP water to make artificial seawater. 
Compound Mass in (g) Supplier Purity 
NaCi 613.2 Fisher 99.9+% 
CaCij.GHsO 57.2 Fisher 99+% 
KBr 2.5 VWR Analytical grade 
NaF 0.08 Fluka Analytical grade 
KCi 17.5 Fisher 99+% 
Na2S04 102.2 Fisher 99+% 
NaHCOa 5.0 VWR Analytical grade 
SrCiz.SHzO 0.68 VWR Analytical grade 
MgClz 130.2 VWR 99% 
Table 4.2: Conditions and labelling of the mini-flume experiments. 
Experiment 
number 
Particulate matter added 
(0.5 gL-^) 
PH Aqueous matrix 
E l 
E2 
E3 
Calstock sediment 
Calstock sediment 
Calstock sediment 
5.8 
5.7 
7.6 
UHP water (S = 0) 
UHP water (S = 0) 
ASW (S = 36) 
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E4 Calstock sediment 7.8 ASW (S = 36) 
E5 Gunnislake SPM 5.7 UHP water (S = 0) 
E6 Gunnislake SPM 8.0 ASW (S = 36) 
E7 Gunnislake SPM 7.1 River water (S = 0) 
4.2.2.4 Sample extraction and filtration 
At each lime point a 200 mL sample was extracted from the flume for chemical 
analysis using a 100 mL borosilicate glass pipette at a fixed depth of 22 mm from 
the base of the flume. The sample was Immediately filtered through a 0.7 pm pore 
size, 47 mm GF/F membrane (Whatman) using an ashed glass Millipore vacuum 
filtration rig with a stainless steel support at a pressure of < 5 psi and the filter 
papers placed in numbered clean petri dishes. The difference in dry weight of 
each filter paper was used to calculate the SPM concentration at that sampling 
time. Separate 20 mL aliquots were collected for the determination of DOP in 25 
mL glass ampoules (Chromocol) with PTFE lined polypropylene lids. Duplicate 
samples for DIP were collected in 30 mL polystyrene vials (Fisher). The former 
were refrigerated and analysed within 48 h and the latter were frozen and 
analysed within 1 month. 
4.2.2.5 Physical and chemical analysis 
The sediment particle size distribution was analysed by In-Situ Scattering and 
Transmissometry (LISST-25x). 
DIP method: Dissolved inorganic phosphorus was determined using an 
automated segmented flow analyser. The method was based on the reaction of 
orthophosphate with molybdate under acidic conditions (pH < 2) to produce 
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phosphomolybdic acid (Baldwin, 1998; Drummond and Maher, 1995); this 
heteropolyacid was then reduced by ascorbic acid to form a blue complex 
(Drummond and Maher, 1995) that was detected spectrophotometrically at 880 
nm. Full details are given In Chapter 2 section 2.3.1. 
DOP autoclave method: In order to detemnine the DOP concentration, it must 
first be hydrolysed to DIP. Fifteen mL of each sample and standards were placed 
in separate 100 mL glass autoclave bottles, and then 500 pL of 1.4 M ammonium 
peroxydisulfate ((NH4)2S208) and 0.5 mL of 1 M sulphuric acid were added. 
Screw top plastic lids with foil seals were hand tightened and then released by 
half a turn. The samples were then sonicated at room temperature for 15 min to 
totally dissolve the (NH4)2S208. The samples were autoclaved for 30 min at 
121 **C and 15 lb in"^ pressure (Market Forge Sterilmatic autoclave). Autoclaved 
samples were then analysed to determine DIP as described in the previous 
paragraph. Full details are given in Chapter 2 section 2.3.2. 
Sediment IP and TP extraction methods: In order to determine total 
phosphorus in the sediment and SPM. samples were freeze-dried, weighed 
accurately (0.3 - 0.5 g) and transferred into 10 mL porcelain crucibles. The 
crucibles were placed in a muffle furnace (Carbolite) and combusted at 550 °C for 
1.5 h. The crucibles were then cooled to room temperature, the contents 
quantitatively transferred into 100 mL beakers and 50 mL of 1 M hydrochloric acid 
added to each beaker. The mixtures were then shaken for 20 h in a shaker bath 
(Stuart orbital shaker SSL1). After extraction. 1 mL of liquid sample was taken, 
diluted 30 times with UHP water and analysed using a segmented flow analyser. 
For the determination of inorganic P, the procedure was the same but samples 
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were not combusted at 550 °C. For the method blank, 50 mL of 1 M hydrochloric 
acid was treated in the same way Three separate Calstock sediment and 
Gunnislake SPM sub-samples were taken for TP analysis and another 3 
sub-samples from each sediment for IP analysis and OP was calculated by the 
difference (TP - IP). All samples were measured in triplicate. 
4.3 Results and discussion 
4.3.1 Physical and chemical characterisation of Calstock surface 
sediment and Gunnislake SPM 
The Calstock surface sediment and Gunnislake SPM had similar partrcle size 
distributions (Figs. 4.5 and 4.6) but the Calstock surface sediment had a higher 
percentage of particles in the larger size range (> 60 nm) as would be expected 
for a surface sediment compared with SPM. The Calstock surface sediment also 
had a higher density than Gunnislake SPM (326 g L'^  compared with 141 g L"^). 
Calstock surface 
sediment 
Gunnislake S P M 
200 400 
Particle size (^ lm) 
600 
Fig. 4.5: Particle size distributions for Calstock surface sediment and Gunnislake SPM 
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Fig. 4.6: Comparison of sediment particle size distributions for SPM over the range 0.02 -
600 Jim. 
The % organic content was determined by difference in mass between ashed and 
oven dried filter papers through which a known volume of sediment slurry was 
passed. Filter papers were pre-ashed and the weight of each filter paper was 
recorded t)efore use. The organic content of Calstock surface sediment was 1 0 % 
(m/m) compared with 1 6 % (m/m) for Gunnislake SPM (Table 4.3), and the OP 
content was also significantly lower ( 3 8 9 pg compared with 6 9 0 M9 9 Table 
4.4). However, the IP concentration was higher in the surface sediment, creating 
comparable TP concentrations in the sediment and SPM. 
The Calstock data compared well with earlier Calstock sediment data using the 
S E D E X sequential extraction scheme (Ruttenberg, 1 9 9 2 ) for I P ( 1 1 5 6 ± 1 7 2 ^g 
g'^ (n = 4)) and aqua regia digestion in a sealed microwave system for TP (1425 
pg g ^ ± 1 9 0 pg g^ (n = 4)) (Monbet et al., 2 0 0 9 ) . The method used for the 
determination of I P in sediment (Aspila et al., 1 9 7 6 ) has a potential risk of 
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over-estimation due to acid extraction from the sediment which could hydrolyse 
some of the labile OP present. However, since these results agreed with the data 
of Monbet et al. (2009), it is reasonable to assume that hydrolysis of OP during IP 
extraction was not significant. 
Table 4.3: Total mass and organic content of Calstock surface sediment and Gunnislake 
SPM in the slurry (10 mL). The mass values given are the means of three separate samples 
analysed in triplicate (n = 9). Error bars represent 11 s .d. 
Calstock surface sediment Gunnislake SPM 
Sediment dry mass (mg) 267 ± 27 125 ± 18 
Ashed mass (mg) 241 ± 2 2 105 ± 14 
Calculated organic mass (mg) 26134 34 ±23 
% organic mass 10 16 
Mass to volume ratio of slurry (g L'^ ) 326 141 
Table 4.4: Phosphorus concentrations in Calstock sediment and Gunnislake SPM. The 
concentration values given are the means of three separate samples analysed in triplicate 
(n = 9). Error bars represent ± 1 s.d. 
Sample type Calstock sediment Gunnisiake SPM 
IP (MQ g*') 1229 ± 74 830 ± 25 
OP (pg g"') 389 ±140 690 ± 7 1 
TP (pg g' ) 1618 ±120 1520 ±66 
Calstock sediment 
slurry 
Gunnisiake SPM slurry 
DIP in sediment water (pg L'^) 190 ±33 145 ±27 
Equivalent to DIP in 45 L flume (pg L'^) 0.29 0.51 
TOP in sediment water (pg L*^ ) 208 ±21 168 ±25 
Equivalent to TOP in 45 L flume (pg L*^ ) 0.31 0.59 
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Sixty-nine mL of the Calstock surface sediment slurry and 160 mL of the 
Gunnislake SPM slurry were added to the flume to give an overall particle 
concentration of 0.5 g L'V The SPM concentration in the flume at each sampling 
time in each experiment is shown in Fig. 4.7. The SPM concentrations were in the 
range 0 - 400 mg L'\ which are typical of concentrations found in the Tamar 
Estuary (40 - 300 mg L"^  Langston et al.. 2003), and the SPM concentration 
increased linearly with shear stress (R^ = 0.97). A t-test showed no significant 
difference between the 7 experiments (p = 0.24), thus there was broadly no 
significant difference between the suspension of the SPM and the surface 
sediment used and hence the flume experiments were comparable. The SPM 
concentration in the water column was therefore directly related to the shear 
stress applied. During the 18 hour rest period between Ts and Te the SPM 
concentration decreased to < 10 mg L'^  in each experiment. 
450 -1 
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350 -
300 -
O) 
E , 
250 • 
E 200 -
Q. 
(0 
150 -
345.02X +56.182 
R» = 0.9695 
Shear Stress (N m-2) 
Fig. 4 .7 : The relationship between shear stress and SPM concentration in each experiment 
(• E 1 SPM; • E 2 SPM; A E S SPM; x E 4 SPM; )k E 5 SPM; • E 6 SPM; -t- E 7 SPM). 
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4.3.2 Phosphorus release during the flume experiments 
4.3.2.1 Phosphorus release from sediment and SPM to UHP water 
Fig. 4.8a, 4.8b and 4.8c show the SPM concentration, DIP and DOP released 
from Calstock sediment at different sampling times from duplicate experiments 
(El and E2), and Fig. 4.8 d, 4.8e and 4.8f show the equivalent data released from 
Gunnislake SPM (E5). The results were divided into 4 periods, namely; To - T i , 
Ti -Ts, Ts - Te, and Te - Tio, and a statistical test was applied to examine whether 
the observed changes in DIP and DOP concentrations were statistically 
significant. The statistic was based on a one way - ANOVA test that used the 
duplicate samples as the dependent variable, the sample sequence as the factor, 
and then used a multiple range test to compare the mean of each sample within 
the 95 % confidence level (Table 4.5). The results from E1 and E2 were 
comparable in terms of the statistical difference between time points, with the 
exception of DOP in the resettling period between Ts and Te. 
Figs 4.8b and 4.8e show the release of DIP from both Calstock surface sediment 
and Gunnislake SPM. The highest release was approximately 35 pg P L"^  from 
both sediments, but the initial release (To to Ti) from Calstock surface sediment 
contributed 66 % of the total DIP released, compared with 31 % for Gunnislake 
SPM. Since DIP contributions from the sediment waters were < 0.6 pg P L"^  in the 
45 L flume volume (Table 4.4), the initial P release was due to desorption from 
the sediment / SPM (Froelich. 1988). Therefore the sediment type can influence 
the initial DIP release within a time of 30 s. 
There was a linear correlation between the DIP and SPM concentrations in both 
the Calstock and Gunnislake experiments from Ti - T 5 (Y = 3.198X + 21.34. = 
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0.99 and Y = 4.979X + 6.592, = 0.0.98 respectively), which indicates a simple 
desorption process based on sediment suspension (Kteeberg and Gruneberg, 
2005). The sensitivity (slope) decreased on the second day (Te -Tio) of each 
experiment (Calstock: y = 1.604 X + 21.572. = 0.94; Gunnislake: Y = 0.847 X + 
16.216. R^ = 0.99) because at Te there was a higher starting DIP concentration 
than at To- Therefore, a general conclusion is that more DIP becomes available 
during and following turbulent events. 
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Fig. 4.8: P release from sediment to salinity 0 UHP water, (a) - (c) show SPM, DIP released 
and DOP released respectively, from 0.5 g L'^  Calstock sediment Error bars represent ± 1 
s.d. for duplicate experiments, samples analysed in triplicate (n = 6). (d) - (f) show SPM. 
DIP released and DOP released respectively, from 0.5 g L'^ Gunnislake SPM. Error bars 
represent ± 1 s.d. (n = 3). 
From Ts to Te, the flume system was left unstirred for 18 h to allow re-equilibration 
of the system. The majority of the sediment/SPM resettled during this period but 
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the DIP concentration only decreased by approximately 8 % in the water column 
in both systems (Figs. 4.8b and 4.8e). Therefore, re-adsorption of DIP was limited. 
It Is possible that the 8 % loss of P was due to biological uptake, rather than 
re-adsorption, but this is less likely because of the experimental conditions used. 
The results suggest that P released from sediment/SPM during turbulent events 
will remain in the water column for a significant (> 18 h) period in a bioavailable 
form, which has important implications for biomass uptake and growth. 
Fig. 4.8c shows that there was negligible DOP release from the Calstock surface 
sediment; the starting DOP concentration was 3.23 jjg L'^  (Table 4.8) and this did 
not change significantly (t-test; p = 0.99) throughout either experiment. Therefore, 
DOP release from this sediment was not significant over the timescale of a tidal 
cycle. However, Fig. 4.8f shows that there was a rapid initial release of DOP into 
the water column from Gunnislake SPM (1.1 to 4.6 pg P L'^  after 30 s of applied 
shear stress (Ti)), and release continued up to the maximum concentration 
observed of 11.8 pg L"^  at Te. The sediment water contained negligible DOP, thus 
it can be concluded that the DOP desorbed from the SPM. From Te - Tio the DOP 
gradually decreased to 8 pg L'\ possibly due to re-adsorption onto SPM (Herut et 
al., 1999), precipitation (e.g. with Fe (Baldwin et al.. 1996), and / or Mg and Ca 
(Carisson et al., 1997); ligand exchange and/or hydrolysis (Baldwin et al., 1996; 
He et al., 2004; Liu et al., 1998; Turner et al., 2002a). These contrasting results 
show that the nature of the sediment/SPM is a key factor that determines DOP 
release into the water column as a function of shear stress. Gunnislake SPM had 
a higher OP content than Calstock sediment (Table 4.4), which was an important 
factor in the release of DOP. 
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Table 4.5: Comparison of the differences In DIP and DOP released from the sediment and 
SPM during the sample sequences. In each experiment the DIP and DOP at each sampling 
point (To - Tio) were tested by ANOVA to investigate the significance of P concentration 
changes during the experiments. E3 and E4 only have one set of DOP data so ANOVA 
cannot be performed. Key: sig.d « significant difference at P > 0.05; n.sig.d « 
significant difference. 
no 
U n « : N m-» 
S h e a r 
0 9 
0 9 
TO 
T I 
C a l s t o c k s u r f a c a s a d l m e m 
IP: 1200pf l Q-^  
T P : 1600 MB Q-^  
Unit: pg L 
ET 
U H P 
water 
D IP : sia.d 
D O P : n . « l q . d 
[ P O P : n.«|g.d 
T 5 
s w i t c h orr 
I 8 h 
T6 
7 h 
T10 
DIP: s / g d 
D O P : s / g d 
D IP : s/Q d 
D O P : n.alfl.d 
Un i t :pg L 
C2 
U H P 
DIP: sta.d~~ 
0 O P : n . a l Q . d 
DIP: sia.d 
D O P : n.«lfl .d 
D I P : sia.d 
D O P n.alg.d 
D IP : sia.d 
D O P : n . a l q . d 
Unl t rpg L 
E 3 
Art i f icial 
s e a w a t e r 
Unlt:Mg L-
E 4 
Artif icial 
D IP : n.aig.d 
D O P n a l o d 
DIP- s^y (1 
O O P : s / o d 
D I P : sia.d 
D O P : n.aig.d 
DIP: s<ci d 
D O P ; n . s l a . d 
DIP: n .s lg .d 
D O P : n.aifl d 
DIP: n.aig.d 
D O P : n.aig.d 
DIP:_5 i f l^ 
D O P : n .a ia .d 
D IP: .5 i f l j / 
O O P : n . s l a d 
U n l t i N m - ' 
S h e a r 
s t r e s s 
0.9 
0.9 
] 
TO 
T1 
2 h 
T 5 
s w i t c h ofT 
1 8 h 
T S 
2 h 
T I O 
G u n n i s l a k e S P M 
I P : 8 0 0 p g g ' 
T P : 1 6 0 0 p g g ' 
U n l t r p g L ' 
U H P 
w a t e r 
D I P ; i i f l j / 
D O P : sia.d 
D I P 
P O P : ff/g.l/ 
D O P : n . , i f l . d 
D I P ; , S i a ^ 
E 6 
A r t i f i c i a l 
s e a w a t e r 
D I P : sia.d 
D I P : 777~ 
D O P n . s i g . d 
D I P : n . s i g . d 
D O P : n . s l q . d 
D I P : 
D O P n ^ l f l . d 
U n l t ; p g L 
E 7 
G u n n i s l s k e 
r i v e r w a t e r 
D I P : n . s i g . d 
D O P : ^ / . ; ,/ 
D I P : sta.d 
D O P : sia.d 
D I P ; n . s i g . d 
D O P : n . s l q . d 
D I P : n . s i g . d 
D O P ; n . s i q . d 
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Some labile DOP can undergo hydrolysis within hours; therefore some of the DIP 
detemnined may be due to the conversion of DOP into DIP In the sediment water 
or from the SPM surface. However, only 17 % of the most labile organic P 
compound investigated in Chapter 2 (G-6-P) hydrolysed in 2 days. Assuming that 
100 % of DOP released was G-6-P (a highly unlikely scenario), and the maximum 
DOP from SPM was 11.8 pg L"^  (Fig. 4.8f and Table 4.8) this would have 
contributed 2 pg L"^  of DIP. Hence the conversion of DOP to DIP in the water 
column by direct hydrolysis is unlikely to be a significant process in the 
interpretation of these results. However, another possibility is that the sediment 
also contained DOP hydrolysing enzymes, in which case sediment OP would be 
converted to IP naturally and be released into the water phase by the application 
of shear stress or natural diffusion (18 h resting time). 
4.3.2.2 Phosphorus release from sediment and SPM to artificial sea water 
Release of P from Calstock sediment and Gunnislake SPM into ASW was 
investigated in E3, E4 and E6. E3 and E4 were duplicate experiments using 
Calstock sediment. In these experiments there were high and unexpected DIP 
and DOP concentrations in the ASW matrix due to impurities in the salts used. 
The results shown in Figs. 4.9b, 4.9c, 4.9e and 4.9f have not been corrected for 
these high blank values because they influence P release. 
Figs. 4.9a and 4.9d show the SPM concentrations at each sampling time 
throughout each experiment. Calstock SPM Increased to 380 ± 21 mg L'^  at the 
maximum shear stress, whilst Gunnislake SPM increased to 350 mg L'\ The 
SPM concentration from both experiments decreased to 0 - 10 mg L'^  after 18 h 
105 
resting time and there was negligible difference (To - T 5 , p = 0.93; Te - Tio, P 
0.90) between Calstock and Gunnislake SPM concentrations. 
Catstock surface sodlmont 
E MO 
Z 
P, 
c 0 
2 4 a 8 10 
Samplosoquonces f T , - T , B j 
Gunnb lako S P M 
Sample sequences { T , - T „ ) 
Fig. 4.9: P release from sediment to salinity 35 UHP water, (a) - (c) show released SPIVI, DIP 
and DOP concentrations respectively, from 0.5 g L'^  Calstock sediment in 45 L of salinity 
35 UHP water. Error bars represent ± 1 s.d. for duplicate experiments, samples analysed in 
triplicate (n = 6). (d) - (f) show SPM, released DIP and DOP concentrations in ASW water 
during mini-flume experiment. Error bars represent ± 1 s.d analysed in triplicate (n = 3). 
Calstock surface sediment and Gunnislake SPM (see Figs. 4.9b and 4.9e) 
released 27 and 29 pg P L"^  of DIP, respectively, over the course of the 
experiment (from 33 to 60 pg P L'^  in the Calstock experiment and from 37 to 66 
pg P L"^  in the Gunnislake experiment). Unlike the UHP water experiment, the 
initial release after 30 s of shear stress applied was small and represented only 
about 11 % of the total DIP release from Calstock surface sediment and 12 % 
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from Gunnislake SPM. The DIP concentration did not change significantly 
(Calstock: P = 0.43; Gunnislake: p = 0.52) during the 18 h rest period from T 5 to 
Te (Table 4.5), possibly because the high ionic strength of the ASW did not favour 
re-adsorption of DIP onto SPM, i.e. [DIP] released > [DIP] readsorbed under 
saline conditions (Gardolinski et al., 2004). Table 4.6 shows the release of DIP 
and DOP from the two types of sediment between To and T i , and Ti and T10 in 
both UHP water and ASW. The initial releases of DIP and DOP from Calstock 
surface sediment were smaller as a % of sediment IP and OP concentration than 
from Gunnislake SPM, which suggests that the sediment type influences the 
initial DIP and DOP release. 
Table 4 .6 : Comparison of the release of DIP and DOP from the two types of sediment 
between TQ and Ti , and T^ and TIQ. 
Calstock surface sediment Gunnislake SPM 
% released 
sediment IP 
% released 
sediment OP 
% released 
sediment IP 
% released 
sediment OP 
UHP (To- Ti) 3.6 0.2 2.4 1.2 
ASW (To-•Ti) 0.8 2.2 1.0 2.3 
U H P ( T i - T10) 1.7 0.3 5.7 1.1 
ASW (T , - T10) 3.5 0.8 6.0 1.7 
Interpretation of the DOP data (Figs. 4.9c and 4.9f) is complicated by a very high 
DOP background signal in the ASW; about 40 ± 3 pg L"^  in the Calstock 
experiments and 27 ± 1.2 pg L"^  in the Gunnislake experiments. The different 
DOP concentrations in these experiments were due to the use of different salts. 
Despite a significant initial release of DOP from the Gunnislake SPM (from 27 to 
37 pg L'^). there was no significant release of DOP from either sediment in 
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response to shear stress. There is no evidence (p = 0.33) that the DOP 
concentration decreased after 18 h resting time from T 5 -Te- Again this may be 
due to the increased ionic strength which reduced the ability of DOP to re-adsorb 
onto SPM. A t-test shows that the release of DOP was significantly different 
between Calstock surface sediment and Gunnislake SPM (P < 0.001). This 
suggests that the characteristics of the sediment, i.e. particle size and sediment 
organic phosphorus content play an important role in the capacity of the sediment 
to release P to the water column. Similar observations have been reported from 
benthic sea and lake sediment studies (Hill, 1982; Klotz, 1985; Mayer and Jarrell. 
2000). This means that under the same conditions, sediments with smaller 
particle sizes, higher sediment P concentrations and higher organic content 
would be expected to release more DIP and DOP into the water column. 
4.3.2.3 Phosphorus release from Gunnislake SPM to river water 
Fig. 4.10 shows the results for Gunnislake SPM mixed with Gunnislake river 
water and Fig. 4.10b shows the DIP release. The DIP concentration in 
Gunnislake river water was 21 pg L'\ There was no significant increase on 
addition of the SPM (Table 4.5), but there was a small, statistically significant (p = 
0.05) increase from 21 pg L"^  at T i to 25 pg L'^  at T5(Table 4.5). This suggests 
that increased suspended particulate matter (SPM) concentrations during 
turbulent episodes do not always lead to large releases of DIP into the water 
column. This may be because of the initial DIP concentration in the river water. 
Further investigations over longer time scales (72 h) are shown In Chapter 5 
section 5.3.2. 
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Fig. 4.10: (a) SPM concentration (0.5 g L'^  Gunnislake SPM in 45 L salinity 0 Gunnislake 
river water); (b) DIP release from Gunnislake SPM to Gunnislake river water (c) DOP 
release. Error bars represent ± 1 s.d. (n = 3). 
The DOP concentration in the river water increased from 15 pg L"^  (Fig. 4.10c) to 
23 pg L'^  during the initial release. The DOP concentration then decreased from 
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Ti to Tio and appeared to reach equil ibrium, as it did not change significantly (p = 
0.64) after T5 (20 pg L'^). Therefore the release of DOP was rapid and unaffected 
by prolonged/ increased sheer stress. Since the TDP concentration in the water 
column did not change between T i and Tio, the slight decrease in DOP from T i to 
T10 (Fig. 4.10c) may due to microbial conversion of DOP to DIP. Enzymatic 
hydrolysis could also have contributed; however due to a lack of information 
about the bacterial population in the SPM and sediment, one cannot predict the 
extent to which this would affect the DOP concentrations. 
4.3.3. Effect of the water matrix on the release of P from sediment 
It is important to identify the dominant characteristics of the water matrix that 
affect P release during these experiments. Table 4.7 displays parameters of the 3 
matrices in use and Table 4.8 displays the observed concentrations of DIP and 
DOP released due to shear stress under different water matrix conditions for 
each sediment type. 
Table 4.7: C o m p a r i s o n of UHP, A S W and G u n n i s l a k e river water matr ices . 
UHP water A S W G u n n i s l a k e river water 
PH 6.5 7.8 7.1 
E h (mV) 
70 134 191 
Salinity 0.0 35 0.0 
Biology None None Not known 
DIP background (pg P L*^) 0.0 35 25 
D O P background (pg P L'^) 0.0 27 11 
T D S (mg L" )^ 9.2 36.5 163 
D i s s o l v e d O2 (mg L'^) 9.4 11.2 10.7 
Conduct iv i ty {\iS) 4.1 45000 4030 
110 
The initial release of DIP was greater in the UHP water than the ASW or 
Gunnislake river water, which appeared to be related to the background aqueous 
P concentration (Jarvie et al. , 2005). However. Table 4.6 show/s that the initial 
release of DOP from the sediments was significantly (p >0.05) higher in ASW 
than UHP water. This may due to the release of DOP from dead bacterial cells to 
the ASW (Gardolinski et al., 2004). Therefore different factors may be controll ing 
the initial release of DIP and DOP. The overall impact of shear stress on DIP 
release into UHP water and ASW was broadly comparable; suggesting that 
salinity only affects the initial DIP release. However, a high salinity suppressed 
DIP re-adsorption onto SPM during the rest period (T5 - Te) in all the experiments. 
The relationship between DOP release and sheer stress was not as clear as for 
DIP. 
4.4 Conclusions 
An in-situ sampler has been successfully deployed in the Tamar Estuary to 
collect SPM and a mini-annular f lume has been used to simulate the 
physico-chemical conditions in a macro-tidal estuary over the t imescale of one 
tidal cycle. The flume system has, for the first t ime, been integrated with a 
segmented flow analyser to enable the investigation of P transformation 
processes in sediment/SPM - water systems over tidal cycles in different water 
matrices. 
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Table 4.8: Net DIP and D O P r e l e a s e s at different s h e a r s t r e s s e s and matrix condi t ions 
from sediment and S P M . Error bars represent ± 1 s . d . of three a n a l y s e s of dupl icate 
s a m p l e s , (n = 6). 
UnIt:Nm-3 
Shoar 
stress TO 
Calstock surfaco sodlmont 
IP: 1200 pg 
T P i i e o o p g g ' 
E l 
UHP 
water 
D I P : OS 10.1 
O O P : 2^ 10^ 
Unl tpg L-^  
E2 
UHP 
water 
D I P : 3 J t OA 
D O P : 4.1 ± 1 . 1 
Unit pg 
E3 
Artificial 
soawator 
D I P : 31.6 1 0 . 6 
D O P : 40.9 1 1 . 1 
Unit: pg L-' 
E4 
Artiflcial 
aoawator 
D I P : 34 .6 ± 0.6 
D O P : 36 .6 1 0 j « 
0.9 
0.9 
T1 
2h 
switch off 
l e h 
T6 
2h 
T10 
D I P : 2 4 . B ± 3 4 
0 O P : 4 J 1 1 . 7 
D I P : 37.4 1 0 . 0 
D O P : 4.1 ± 0 J 
D I P : 33.7 ± 0 J 
O O P : 6 4 ( 1 0 . 6 
D I P : 36.4 1 0 3 
O O P : 6.6 1 1 . 1 
D I P : 26 .9 ± 0 . S 
D O P : 2.9 1 0 . 4 
D I P : 33.6 1 0 . 1 
D O P : 3.1 ± 0 . 3 
D I P : 30.4 1 0 . 3 
O O P : 2.8 1 1 . 1 
D I P : 36.4 1 0 . 6 
D O P : 3 4 ± 0.1 
D I P : 32 .2 1 3 . 2 
D O P : 46.8 ± 1 . 6 
D I P : 4 2 J 1 0 4 
D O P : 4 4 4 1 2 J 
D I P : 44.1 1 0 . 8 
D O P : 46.7 ± 0 . 6 
D I P : 63 .3 1 0 . 0 
D O P : 43 .2 1 1 . 7 
D I P : 4 3 4 1 0 . 6 
O O P : 3 9 . 8 1 0 . 3 
D IP : 6 6 . 8 ± 0.2 
D O P : 4 1 . 8 1 1 J 
D I P : 67.1 1 0 . 7 
O O P : 43 .9 1 0 . 9 
D IP : 67.1 1 0 . 6 
O O P : 4 6 . 7 1 0 . 6 
GunnlslakeSPM 
IP: 800 Mg 
TP:1600Mg g* 
Unlt:Nm-» 
Shear 
stress 
0.9 
0.9 
TO 
T1 
2h 
T5 
switch Off 
18h 
T6 
2h 
T10 
Unit: Mg L-
E5 
UHP 
water 
DIP: 0.2 ±0.1 
DOP: 1.1 t O J 
DIP: 11.8 ±0.5 
DOP: 4.6 ±0.1 
DIP: 30.6 ±0.2 
DOP:10.1±1.3 
DIP:27.S±0^ 
DOP:11.8±0.1 
DIP: 34.7 ±0.4 
DOP:8.6±0J 
Unit Mg L ' 
E6 
Artificial 
seawater 
DIP: 37.6 ± 0 ^ 
DOP:27.1 ±i2 
DIP: 41.6 ±0.6 
OOP: 37^ ±2.2 
DIP: 59.6 114 
DOP: 39.1 ±0.2 
DIP: 63.1 ± 0 3 
DOP: 39.1 ± 3 J 
D IP :66J±0J 
DOP: 41.2 ± 0 ^ 
UnitiMg 
E7 
Gunnislake 
river water 
DIP: 21.7 ±0.1 
DOP: 15.7 ±0.5 
OIP:21J±0J 
DOP: 22.7 ± 0 ^ 
DIP: 25.5 ±0.9 
DOP: 20.1 ±0.7 
DIP:25J)±0.1 
DOP: 183 ± 0 2 
DIP: 25.3 ± 0 J 
DOP: 19.0 ±1.0 
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The Calstock surface sediment and Gunnislake SPM had similar particle size 
distributions. However Calstock surface sediment had a higher IP content than 
the Gunnislake SPM. which had a higher OP content. The results from the f lume 
showed that a high initial release of DIP depended on the nature of the sediment 
(high IP content) and the low background concentration of DIP in the water 
column. The applied shear stress had a strong linear relationship with DIP 
release. High salinity (35) reduced the ability of DIP to be re-adsorbed onto 
particles, prolonging its bioavailability in the water column. The initial release of 
DOP was related to the type of sediment, with the sediment containing high OP 
having a greater initial ability to release DOP. The applied shear stress had no 
relationship with DOP release. Therefore, in the context of estuarine mixing, 
turbulence and/or tidal action are likely to promote the release of DIP from the 
sediment, particularly when the sediment has a high IP content and the water 
column DIP is low, but very little DOP will initially be released to the water body. 
Any phosphorus released from the sediment is likely to have a long water column 
residence time as very little re-adsorption back onto the SPM was observed. 
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Chapter 5. Kinetics of organic and inorganic 
phosphorus exchange in a suspended particulate 
matter-water batch reactor 
5.1 Introduction 
High winds, storms and tidal change in estuaries increase shear stress on the 
benthic sediment, resulting in increased suspended particulate matter (SPM) 
concentrations and transport of particulate material to coastal waters. SPM has a 
large exposed surface area compared with benthic sediment, with easier access 
to dissolved oxygen, organic matter, macronutrients and micronutrlents, 
facilitating the attachment and growth of bacteria (Wainright. 1990). Therefore 
resuspension of particulate matter can give rise to chemical and biological 
changes in the water column. In Chapter 4 the dynamics of P transformations 
during resuspension within a tidal cycle at different shear stresses were 
discussed, whereas this chapter focuses on the kinetics of P exchange between 
SPM and water with constant shear stress (constant stirring). 
The predominant P release mechanisms from sediment are enzymatic hydrolysis, 
which is related to bacterial population and diversity (He et al., 2004; Pant et al. , 
1994); ligand exchange, which is related to salinity (Tolman, 1970), dissolution, 
which is related to sediment particle size distribution (Charpy-Roubaud et al., 
1996; Holtan e l al., 1988) and desorption. which is related to sediment texture 
(Gomez et al. , 1999). Therefore key factors affecting P release are: pH, salinity, 
redox status (Eh), the presence of complexing agents, temperature (Holdren and 
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Amistrong, 1980) and the organic matter content of the sediment. Changes in pH 
and/or salinity can lead to significant lysis of bacterial cells and a rapid release of 
the phosphorus stored in benthic bacteria to the water column (Gardolinski et al. , 
2004). The redox conditions at the sediment/water interface plays an important 
role in the hydrolysis of DOP species, e.g. myo-inositol hexakisphosphate (phytic 
acid) is hydrolysed to phosphate within days under typical aerobic marine 
conditions (Suzumura and Kamatani, 1995). Phosphorus stored in the sediment 
can be assimilated by benthic bacteria, and growth is related to environmental 
conditions such as water and sediment temperatures and nutrient availability (Jin 
et al.. 2006) Phosphoois release from anaerobic sediment is related to 
sedimentary iron species (Eckert et al. . 1997; Hu et al. . 2003). Most of the 
released P from sediment particles is trapped in the sediment water and released 
into the water column via diffusion and turbulence. Therefore, when 
resuspension occurs it not only releases P directly from surface sediment but 
also enhances sediment water release into the water column. The SPM also has 
a "buffering" capacity for both organic (e.g. G-6-P (labile) and phytic acid 
(refractory)) and inorganic phosphorus (Froelich, 1988). 
The aim of this chapter was therefore to investigate SPM/water column P 
Interactions in a constantly stirred batch reactor. To achieve this, two 
experimental protocols were designed as follows: 
1. To investigate natural DIP and DOP equilibration, 4 g of SPM slurry was 
added to 1 L of UHP or Gunnislake river water which was stirred at a 
constant rate (fixed shear stress) at ambient temperature. The kinetics of 
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P equilibration were investigated over short (5 h) and long (3 day) t ime 
scales. Abiotic conditions were maintained in control experiments. 
2. To investigate DIP and DOP exchange in these continuously stirred, 
pre-equilibrated batch reactors. 80 pg P L'^  G-6-P (labile), phytic acid 
(refractory) and orthophosphate were separately spiked into the UHP and 
river water matrices. The kinetics of P exchange were investigated over 
short (15 h) and long (6 day) t ime scales. 
The specific objectives were to: 
1. Determine P speciation in the autoclaved and non-autoclaved SPM. 
2. Investigate phosphorus equilibration in UHP water, blotic river water 
and abiotic river water over short (5 h) and long (3 day) time scales. 
3. Quantify DIP (orthophosphate) and DOP (G-6-P and phytic acid) 
exchange between SPM and the water column at a fixed shear stress 
in spiked UHP water, biotic river water and abiotic river water over 
short (20 h) and long (5 day) t ime scales. 
4. Study the effects of the water matrix and bacteria on phosphorus 
exchange. 
5.2 Experimental 
5.2.1 Site description and sampling 
For details of the Gunnislake site description and SPM collection see section 
4.2.1. in Chapter 4. 
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5.2.2 Instrumentation and procedures 
5.2.2.1 Water matrices and sterilisation of SPM and river water 
(1) UHP water (^18.2 MCI cnf^). This was used to siinulate phosphorus release 
from suspended sediment to a theoretically pristine river water (salinity = 0. no 
phosphorus) at pH - 6 . Before each experiment, the UHP water was collected in 
acid washed carboys and carefully transferred into two 1 L beakers (batch 
reactors) following the cleaning protocol described in Chapter 4, section 4.2.2.2. 
(2) Gunnislake river water. This was used to determine phosphorus release from 
suspended sediment to a real river water (S = 0) at pH - 7. One hundred L of 
Gunnislake water was collected in acid washed carboys on 25*^ February 2008 at 
the same location as where Gunnislake sediment was collected. Samples were 
then filtered through 0.7 pm pore size GF/F filter membranes (Whatman) to 
remove SPM. 
(3) Abiotic Gunnislake river water. This was used to investigate phosphorus 
release from suspended sediment to a real river water under abiotic conditions (S 
= 0 ) a t p H -7. Ten L of filtered Gunnislake water was autoclaved for 30 min at 121 
°C and 15 lb in"^ pressure (Market Forge Sterilmatic autoclave). 
For all experiments the temperature was kept constant at 18 - 20 °C and the SPM 
load was 0.5 g L'\ For the abiotic experiments, Gunnislake SPM was also 
autoclaved for 30 min at 121 "C and 15 lb in"^ pressure. 
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5.2.2.2 Experimental design 
Phosphorus equilibration and exchange experiments were set up in a laboratory 
environment to simulate Gunnislake SPM and water conditions (Fig. 5.1). 
Resuspension was achieved by stirring the solution with a magnetic stirrer at a 
fixed stirring rate (which suspended all SPM in the water column). Gunnislake 
SPM was mixed in a ratio of 4 g slurry to 1 L of water at ambient temperature (10 
- 22 °C) in a well oxygenated environment (O2 saturation > 90 % ) . Abiotic 
experiments were carried out in a class 100 laminar f low cabinet (BassAIRE), as 
shown in Fig. 5 .1 , 
Sample sequence . 
Stage 1. The kinetics of P exchange was investigated over the short term (5 h) 
and long term (3 days). 
1) The water matrix (1 L) was stirred, the To sample was taken vwth a syringe, 
then sediment (0.5 g L"^) was added. 
2) From T i - T10 samples (30 mL) were taken every 30 min. 
3) Sample T n was taken after 24 h. 
4) Sample T12 was taken after 48 h. 
5) Sample T13 was taken after 72 h. 
Stage 2. The reactors were separately spiked with ortho-phosphate (potassium 
dihydrogen phosphate KH2PO4). G-6-P and phytic acid. 
6) Sample S i was taken after each reactor had reached a steady state 
(defined by a change of < 5 % in the P concentration in the water column 
between samples). Then each reactor was immediately spiked with 80 pg P 
L'^  ortho-phosphate, G-6-P or phytic acid. 
7) Samples S2, S 3 , S4 and S5 were taken every 4 h at 4, 8, 12 and 16 h for the 
short-term investigation. 
8) Sample Se was taken after 30 - 34 h. 
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9) Samples S 7 , Ss, S 9 , S10 were taken every 20 - 24 h at 70, 9 0 . 1 1 4 and 138 h 
for the long-term investigation. 
5.2.2.3 Physical and chemical analysis 
For details of the methods used for physical and chemical analysis of the water 
column and the sediment see Chapter 4. section 4.2 2 4 
5.2.2.4 Statistical analysis 
Each measurement for the determination of nutrient concentrations was 
replicated three t imes and the mean and relative standard deviation (% RSD) for 
each sample cateulated. A comparison of results for each experiment was based 
on the one way ANOVA, using duplicate samples as the dependent variable and 
the sample sequence as factors, and a multiple range test was used to compare 
the means of each sample at the 95 % conf idence level. Dixons Q-test was used 
to reject outlier data for each experiment (n <10, normally n = 6). 
Fig . 5.1: F o u r 1 L st i r red batch reactors conta in ing the water matrix k>efore (left) and after 
(right) adding the S P M . 
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5.3 Results and discussion 
5.3.1 Phosphorus speciatlon in the autoclaved and non-autoclaved 
SPM 
The particle size distribution of the Gunnislake SPM is given in Chapter 4, section 
4.3.1. Autoclaving is commonly used to sterilise water and sedlment/SPM by 
denaturing the bacteria with high temperatures and pressures (Aminot and 
Kerouel. 1995). The autoclaving process can however break down the physical 
structure of particulate matter. Increasing the surface to volume ratio (Kleeberg 
and Gruneberg, 2005) so for this work the temperature was kept relatively low 
(121 °C). Autoclaving will lyse any bacterial cells in the SPM but could also 
increase the rate of hydrolysis of any organic phosphorus compounds naturally 
present. However, Table 5.1 shows that there was no significant difference in the 
concentration of Inorganic or organic P between the untreated and autoclaved 
Gunnislake SPM. 
Table 5.1: P h o s p h o r u s concentrat ions in G u n n i s l a k e S P M . T h e concentrat ion v a l u e s 
given are the m e a n s of three separate s a m p l e s ana lysed in triplicate (n = 9) . Er ror bars 
represent ± 1 s . d . 
P h o s p h o r u s s p e c i e s Gunnis lake S P M Autoc laved t-test 
(ug g') 
G u n n i s l a k e S P M 
(Mgg') 
Inorganic 820 ± 36 840 ± 4 2 P = 0.82 
Organic 920 ± 4 4 1040 ± 6 7 P = 0.19 
Total 1740 ± 5 7 1880 ± 7 9 P = 0.27 
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The relatively large error bars shown in Table 5.1 are due to the heterogeneous 
nature of the SPM slurry and possibly t ime differences in the storage period and 
analysis of different samples. 
5.3.2 Phosphorus equilibration in UHP water, biotic river water and 
abiotic river water 
The chemical composition of SPM in the Tamar Estuary has been widely 
reported (Badr. 2005; Badr et al. . 2008; Bale and Morris. 1981; Environment 
Agency, 1996; Mankasingh, 2005; Miller, 1999) but there is less information on 
the speclation and distribution of sedimentary phosphorus in this catchment 
(Herut et al. , 1999; Mankasingh. 2005; Monbet et al. . 2009) or the underlying 
SPM - P Interactions under blolic and abiotic conditions. The main processes 
driving DIP and DOP exchange between particle surfaces and the water column 
are adsorption and desorptlon, hydrolysis of organic phosphorus and bacterial 
uptake or utilisation. The aim of these first experiments was therefore to 
Investigate the release and equilibration of phosphorus species naturally present 
In the SPM in the presence of different water masses. The results are shown In 
Fig. 5.2 and the mean concentration changes after 5 h and 72 h are given in 
Table 5.2. Six batch reactors were set up (duplicate experiments In UHP, biotic 
and abiotic Gunnislake river water). 
Fig. 5.2a and Table 5.2 show that the releases of DIP and DOP at 5 h were 34 
and 21 pg L'\ respectively, from the SPM to UHP water. Desorption Is likely to be 
the dominant mechanism since the slurry sediment water only contributed a 
maximum of 0.5 pg P L'^ to the water column (see data in Table 4.4). The 
concentration of DIP increased linearly with t ime over the 5 h period (R^ = 0.986, 
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slope = 7.02 pg P L'^  h"^), whereas DOP concentration increased up to 3.5 h and 
then gradually decreased. The release of DIP to UHP water continued to 
increase lineariy over the 72 h period (Fig. 5.2d; R^ = 0.913, slope = 1.361 pg P 
L"^  h""*) with an overall increase of 103 pg P L"^  from the start of the experiment 
(Table 5.2). The theoretical maximum release of DIP from SPM was 410 pg P L'^ 
therefore 25 % of the total IP pool was released from SPM over 72 h. In contrast 
the DOP profile showed more temporal variability, with an overall net gain of 56 P 
L'^  in the water column after 72 h, which is 12 % of the total OP pool In the SPM. 
Fig. 5.2b shows that in biotic river water DIP and DOP had an inverse relationship 
over the initial 5 h period. DIP decreased for the first 2 h and then increased 
slightly from 2 - 5 h; in contrast DOP increased and then decreased over the 
same time period. However, considering the 5 - 72 h period (Fig. 5.2e). the DIP 
concentration remained broadly constant, with no significant net change (-7 pg P 
L'^). This is similar to the net DIP change (+ 3 pg P L"^) observed in the 
Gunnislake river water f lume experiment (E7; see Chapter 4, section 4.3.2.3). 
Therefore, although the system is fairiy dynamic, the river water matrix appears 
to inhibit the release of DIP with respect to UHP water. Since the initial DIP 
concentration in the river water decreases to only 3 pg P L'\ this appears to be 
controlled by the ionic strength of the water matrix. The DOP concentration 
increased to a steady state water column concentration of 80 pg P L'^  at 72 h, 
which is equivalent to 12 % of the total OP pool available from the SPM. The DOP 
profiles for UHP and river water were similar over the 72 h timescale. suggesting 
that the water matrix did not have a significant impact, and showed a net release 
(UHP: 56 pg P L"\ river water: 58 pg P L'^). Desorption from the SPM is the most 
likely release mechanism after the initial 5 hour period. The results suggest that 
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the Gunnislake SPM had an initial capacity to take up DIP from the biotic river 
water, either by bacterial uptake on the SPM surface and/or physical adsorpt ion. 
Short term (5 h) 
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Fig . 5.2: C o m f M r i s o n of P concen t ra t ions (• « DIP; • « D O P ) in U H P and G u n n i s l a k e r iver 
water during shor t term and long term equil ibration exper iments . Er ror bars represent -*•/-
1 s . d . of 6 exper iments with e a c h s a m p l e a n a l y s e d in triplicate (n » 18) In U H P and Biot ic 
river water; Er ror bars in abiot ic river water exper iments represent •••/- 1 s . d . of 4 
exper iments with e a c h s a m p l e a n a l y s e d In tr ipl icate (n • 12). 
Fig. 5.2c shows the changes in the DIP and DOP concentrat ions dur ing 
resuspension and equil ibration in abiotic river water. In the first 1.5 h the DIP 
concentration did not change significantly but the release of DOP to the water 
column was more extensive than in the biotic equivalent (from 10 to 43.8 pg P L"^). 
This may be due to the autoclaving process facilitating OP release, e.g. f rom 
lysed bacteria (Serrasolses et al. . 2008). Therefore over the first 5 h period there 
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was a large increase in DOP (55 pg P L'^) but a relatively small decrease In DIP 
(9 pg P L'\ Table 5.2). Fig. 5.2f shows that the DIP concentration gradually 
decreased further to 12 pg P L'^  at 72 h, with a net loss of 33 pg P L \ 
Table 5.2: Mean water c o l u m n DIP/DOP concentrat ions after 5 h and 72 h equil ibration. 
Error bars represent +/-1 s . d . of 6 exper iments with e a c h s a m p l e a n a l y s e d in triplicate (n = 
18) in UHP and Biotic river water; Error bars in abiotic river water exper iments represent 
-*-/-1 s . d . of 4 exper iments with e a c h sample ana lysed in triplicate (n = 12). 
Matrix P s p e c i e s 
Before S P M 
addition 
(Mg P L ' ) 
5 h after 
S P M 
addition 
(M9 P L ') 
tP] 
G a i n / l o s s 
(+/.) 
(pg P L ' ) 
72 h after 
S P M 
addit ion 
(pg P L ' ) 
[P] 
G a i n / l o s s 
(+/.) 
(pg P L ' ) 
UHP DIP 1 3 4 ± 2 + 33 104 t 1 + 103 
D O P 1 21 ± 1 + 20 57 ± 7 + 56 
Biotic DIP 49 19 ± 1 - 3 0 42 ± 6 - 7 
river 
water D O P 22 25 ± 3 + 3 80 ± 5 + 58 
Abiotic DIP 45 36 ± 4 - 9 1 2 ± 2 - 3 3 
river 
water D O P 10 65 ± 10 + 55 67 ± 1 1 + 57 
These experiments were intended to be compared with the biotic system to 
elucidate biological processes; however, autoclaving can change the 
partlcle/SPM surface morphology (Anderson and Magdoff, 2005; Qlu and 
McComb, 1995; Serrasolses et al. , 2008), and thus the abiotic processes taking 
place. The physico-chemical speciatlon of iron is particularly Important for 
inorganic phosphorus exchange and this can change during autoclaving 
(Tratnyek, 1993). Gunnislake sediment contains 39,500 - 52.100 mg kg'^ of Iron 
and sequential extraction of phosphonjs from this sediment showed that 465 -
744 pg P Q \ representing 55 - 62 % of the TP pool, was bound to iron, making 
this the dominant P fraction in Tamar Estuary sediment (Monbet et al . 2009). The 
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effects of autoclaving are therefore likely to be an important factor in the 
contrasting exchange kinetics of DIP in the biotic and abiotic systems. The DOP 
concentration remained relatively stable over the 5 - 72 h period, which is 
consistent with the idea of short temn release of OP from lysed cells and indicates 
equilibration between the SPM and the water column, with no enzymatic 
hydrolysis. 
In summary, 11.8 % and 6.4 % of total phosphorus in the SPM was released as 
DIP and DOP respectively into the UHP water, 6.6 % as DOP in the biotic river 
water, and 6.1 % as DOP in the abiotic river water. The DIP concentration 
decreased and then returned to its original concentration in the biotic 
experiments and decreased in the abiotic experiments. 
5.3.3 Phosphorus exchange in spiked UHP water, biotic river water 
and abiotic river water 
The aim of these experiments was to investigate the effect of adding 
orthophosphate, G-6-P and phytic acid to an equilibrated SPM-water system, in 
UHP water and Gunnislake river water. The ability of SPM to adsorb P from the 
water column is called the SPM phosphorus buffering capacity (Carritt and 
Goodgal, 1954; Garcla-Luque e l al., 2006; Pomeroy et al. . 1965). The higher the 
SPM P-buffering capacity, the more P can potentially be adsorbed by the SPM. 
Temperature can also affect the SPM buffering capacity, but was kept constant in 
these experiments. Other factors that can affect the SPM buffering capacity are 
the SPM texture and the water matrix. They are connected with exchangeable Al , 
Fe and organic matter content in the water and SPM (Froelich, 1988; Kleeberg et 
al.. 2008; Monbet et al. , 2009). 
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In the UHP water systems, the DIP concentration in the water did not change 
significantly after spiking with orthophosphate (Fig. 5.3a), suggesting rapid 
adsorption of the orthophosphate. The concentration then stayed constant up to 
12 h, and between 12 and 16 h DIP desorbed to reach its equilibrium 
concentration of 168 ± 34 pg P L'V This means that the S P M buffering capacity 
(Carritt and Goodgal, 1954; Pomeroy et al.. 1965) lasted for 12 h for DIP, thus an 
input of DIP to a turbulent river (the "ideal" river) would be expected to be buffered 
for around 12 h. The uncertainties associated with the DIP results include the 
differences between duplicate experiments. The D O P concentration did not 
change in the UHP water over either time scale, suggesting that there was no 
OOP/DIP inter-conversion during the experiment. 
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Fi9. 5.3: Comparison of DIP (•) and DOP (•) concentrations during step change 
experiments spiked with 80 pg P L'^  orthophosphate. Error bars represent 2 experiments 
and each sample was analysed in triplicate (n = 6). a) UHP water; b) river water. Time 0 
represents the DIP and DOP background concentrations and the time at which the 
orthophosphate was added. The dashed lines separate the short term and long term time 
scales. 
126 
Table 5.3: Mean water column P concentration 16 h and 190 h after spiking with 80 pg P L'^  
as orthophosphate. 
(Matrix P species 
Before 
spiking 
(pg P L ') 
16 h after 
spiking 
(pg P L ') 
[P] 
Gain/loss 
(+/-) 
(Mg P L ') 
190 h after 
spiking 
(MgPL') 
[P] 
Gain/loss 
(+/-) 
(Mg P L ' ) 
UHP DIP 79 ±6 168 ±34 + 89 198128 + 119 
DOP 36 ±6 43 ± 1 + 7 40 ±7 + 4 
Biotic DIP 55 ± 1 99± 10 + 44 196 ± 1 + 141 
river 
water DOP 23 ±8 51 ±3 + 28 51 ±4 + 28 
The SPM buffering capacity was also apparent in blolic river water, but the 
subsequent release of DIP was much slower than into UHP water, and continued 
over the entire experiment (192 h; Fig. 5.3 b). Generally, the DIP concentration in 
the biotic river water had a linear relationship vAih time (R^ = 0.89, slope = 0.61 pg 
P L"^  h'^). The final concentration was comparable to that found in the UHP water 
(198 [ig P L"^). Therefore, the SPM buffering capacity in real river systems may 
be longer-lived than suggested by the UHP water experiments. This indicates 
that water matrices can positively affect the "P-buffering" capacity of SPM as 
seen previously by Garcfa-Luque et al. (2006). This is consistent with the higher 
concentrations of exchangeable Al, Fe and organic matter content in river water 
(Froelich, 1988; Kleeberg et al., 2008; Monbet et al., 2009). The addition of 
orthophosphate resulted in a rapid release of DOP, which increased from 23 to 
51 |jg P L ' \ presumably due to exchange, but there was no further significant 
change (p > 0.05) over the rest of the experiment. 
G-6-P is quite labile and hence is a potential source of P for bacteria (Kirkman 
and Gaelani, 1986; Turner et al., 2002a). Fig. 5.4a, 5.4b and 5.4c show P 
exchange between SPM and the water phases after spiking with G-6-P. The DOP 
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concentrations increased after (4 h) the G-6-P spikes, by 49 Mg P L"^  (UHP), 52 
pg P L"^  (biotic) and 70 [ig P L'^  (abiotic). Therefore the S P M in UHP and biotic 
river water had similar buffering capacity for G-6-P of about 30 pg P L'\ whereas 
in the abiotic system the buffering capacity was only 10 pg P L \ 
80 P s p i k e a s G-6-P 80 ng P spike as phytic acid 
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Fig. 5.4: DIP (•) and DOP (•) concentration changes during step change experiments with 
UHP water (a and d), biotic river water (c and e) and abiotic river water (c and f) spiked with 
80 pg P G-6-P (a - c) and phytic acid (d - f). Error bars represent 2 experiments and 
each sample was analysed in triplicate (n « 6). Time 0 represents the DIP and DOP 
background concentrations and the time at which the G-6-P or phytic acid was added; the 
dashed lines separate the short term and long term time scales. 
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Table 5.4: Mean water column P concentration 16 h and 140 h after spiking with 80 pg P L'^  
as G-6-P. 
Matrix 
species 
P 
Before 
spiking 
(Mg P L ') 
16 h after 
spiking 
(Mg P L ') 
16h [P] 
Gain/loss 
(+/.) 
(Mg P L ') 
140 h after 
spiking 
(Mg P L ') 
140 h [P] 
Gain/loss 
(+/-) 
(Mg P L ') 
DIP 105 ±3 131 ±23 + 26 144 ±5 + 39 
UHP 
DOR 67± 13 102 ±24 + 35 116±2 + 49 
Biotic DIP 128 ± 18 143 ±29 + 15 167 ±29 + 39 
river 
water DOP 52 ± 1 88 ±6 + 36 102 ±7 + 50 
Abiotic DIP 9 ± 2 38 ±7 + 29 85 ±4 + 76 
river 
water DOP 60 ±6 80 ±6 + 20 45 ±8 -15 
Table 5.5: Mean water column P concentration 16 h and 190 h after spiking with 80 pg P L'^  
as phytic acid. 
Matrix 
species 
P 
Before 
spiking 
(Mg P L ') 
16 h after 
spiking 
(Mg P L ') 
16 h [P] 
Gain/loss 
(+/-) 
(Mg P L ') 
140 h after 
spiking 
(M9 P L ' ) 
140 h [P] 
Gain/loss 
(+/-) 
(Mg P L ') 
UHP DIP 73 ±3 84±2 + 11 110±3 + 37 
DOP 30 ±5 31 ±6 + 1 43 ± 14 + 13 
Biotic DIP 77 ± 1 90 ±4 + 14 100 ±3 + 23 
river 
water DOP 36 ±3 39 ±2 + 3 37 ±6 + 1 
Abiotic DIP 8± 1 13±3 + 5 51 ±8 + 43 
river 
water DOP 65 ±5 94 ±2 + 29 40 ±2 -25 
The DOP concentrations generally decreased to 80 - 100 ^9 P L'^ (Table 5.4) 
within 16 h in all the matrices, as DIP increased, indicating natural hydrolysis of 
G-6-P after the initial release. Over the longer term, DOP concentrations in UHP 
and biotic river water remained constant, whereas DOP in abiotic system 
continued to decrease to 45 pg P L"\ The DIP concentrations did not change 
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after 16 h in the UHP water and biotic river water systems, but increased in the 
abiotic system, with overall DOP/DIP of 0.936. This suggests that hydrolysis is 
most extensive in the abiotic system, with all of the added DOP hydrolysed over 
the course of the experiment. 
The SPM also showed a high buffering capacity for phytic acid in the biotic and 
abiotic river water systems (Fig. 5.4), as the DIP and DOP concentrations did not 
increase significantly on addition of the spike. In the UHP water systems, a slight 
initial increase in both DIP and DOP was observed (DIP from 73 - 84 pg P L'^; 
DOP from 30 - 31 pg P L'\- Table 5.5)), but there was no significant (P = 0.77) 
change after this (Fig. 5.4d). These changes in the DOP and DIP concentrations 
indicate that approximately 79 \ig P L"^  of phytic acid attached to the SPM and 
replaced 11 pg P L'^  of DIP, the process as shown in Chapter 3 section 3.3.5 
based on Celi et al. (1999). 
In the biotic river water experiment, the DIP concentration varied over time, 
showing a general increase from 77 -100 pg P L'^  and the DOP concentration did 
not change measurably (Fig. 5.4e). In the abiotic river system, the DOP 
concentration increased by 29 pg P L"^  over the first 12 h, and there was no 
significant DIP release (Fig. 5.4f) over the same lime scale. The longer term 
profile (16 - 150 h) showed a "mirror-image" relationship with DOP decreasing 
and DIP increasing (DOP/DIP, = 0.693). Considering the experimental 
conditions and the refractory nature of phytic acid, the physical exchange of 
phytic acid with orthophosphate at the SPM surface should be the only possible 
process in this experiment. Therefore, since the initial sorption of phytic acid did 
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not displace IP. it appears that the slower second phase of sorption Involves a 
different process from the initial buffering. 
5.4 Conclusions 
In these constantly stirred batch reactor experiments, the water matrix had a 
significant effect on the release of IP and O P during equilibration with SPM with 
high ionic strength. Following addition of P species to the equilibrated system, the 
SPM was able to buffer all of the orthophosphate and phytic acid added to both 
UHP and river water. However, the water matrix affected the buffering capacity of 
the SPM, with slower released IP into river water than HUP water. The initial SPM 
buffering capacity was much lower for G-6-P. 
The buffering capacity of the SPM for phytic acid was permanent in UHP and 
biotic river water, whereas phytic acid was cycled between the SPM and the 
water column in the abiotic experiments. Hydrolysis of the G-6-P occurred within 
the first 16 h in the UHP (56 %) and biotic river water (55 %) experiments, and 
effectively all of the G-6-P added was hydrolysed in the abiotic experiments over 
140 h. 
The results in this chapter suggest that in a turbulent river, DIP and DOP will 
reach equilibrium between the particulate matter and the water column within 24 
h. If there Is then an input of DIP to the river, the initial buffering capacity of the 
SPM will be effective for 12 - 1 6 h. If there is an input of DOP. the SPM will have 
a high and permanent buffering capacity for refractory species such as phytic 
acid, but a much lower buffering capacity for labile species such as G-6-P. The 
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water matrix will however have limited influence on the exchange of added DOP 
between SPM and water. Any input of G-6-P (labile DOP) to a river will undergo 
hydrolysis and release DIP over short timescales. Any input of phytic acid 
(refractory DOP) however will not be hydrolysed but will be involved in P cycling 
through displacement of DIP from the surface of particulate matter. 
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Chapter 6. Conclusions and future work 
6.1 Conclusions 
The goal of the thesis was to design analytical methods for the determination of 
phosphorus species in water and to apply them in the study of the dynamics of 
phosphorus cycling in estuarine environments. The following conclusions can be 
drawn from the research: 
The segmented flow analyser technique was suitable for the determination of 
inorganic phosphorus and total dissolved phosphorus in natural waters in the 
range of 1 - 300 jjg P L"V For seawater and autoclaved matrices, standards, 
blank solutions and wash stream solution should, if possible, match the sample 
matrix. The segmented flow analyser has the attractive features of full automation, 
high sample throughput, simultaneous multi-nutrient determinations (phosphorus, 
nitrate/nitrite, ammonia and silicate), and a 300 sample capacity autosampler, 
allowing it to run unattended overnight. The optimised methods had good 
precision (RSD < 3 %) and low limits of detection for DIP (0.5 pg P L" )^ In natural 
waters over the salinity range 0 - 35 and for TDP (3 pg P L'^) in auloclaved 
samples. There was no interference from silicate, arsenate or trace metals. 
The method for TDP was optimised by reducing the amount of potassium 
peroxydisulfate from 0.8 g to 0.2 g, avoiding high blank values while obtaining 
quantitative (> 90 %) recovery of model organic P compounds. Using the acid 
carrier to match the autoclaved sample matrix (pH 1.2) improves sensitivity and 
precision compared with the approach of adjusting the sample pH. Quantitative 
recoveries of all organic P model compounds were achieved (all > 90%), \Nh\ch 
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included adenosine-5-triphosphate di-sodium salt (ATP), phytic acid (PTA), sodium 
tripolyphosphate (STP), methyltriphenylphosphonium bromide (MPT), p-nitrophenyl 
phosphate magnesium salt (p-NPP), p-D-glucose-6-phosphate monosodium salt 
(G-6-P), and cocarboxylase (COCA). This method was also suitable for seawater 
samples following a 5-fold dilution with UHP water. 
Bioreactor microcosms were successfully used to investigate the bacterial uptake 
of nutrients over day - week lime scales. The small glass beads ( 1 - 3 mm) 
diameter and a low flow rate (1 mL min'^) facilitated the attachment of bacteria 
and the development a biofilm on the surface of the beads. Transmission electron 
microscopy can be used to identify bacterial species in the biofilm. When the 
microcosms reached a steady state, there was no net loss or gain of P over 190 h 
for the addition of 80 pg L'^  orthophosphate, which suggests that the system was 
not P limited. Eighty five percent of the added orlhophosphate was eluted as DIP 
and 15 % was converted to DOP. When G-6-P was added, it was rapidly 
converted into DIP by chemical hydrolysis, as seen in the abiotic experiments 
and bacterial processes. There were no significant bacterial uptake of phytic acid 
but there were significant displacement of DIP from the biofilm surface and 
releasing bioavailable DIP into solution. 
A mini-annular flume system was successfully coupled with segmented flow 
analysis for the first time to investigate the particle - water exchange of 
phosphorus over the timescale of a tidal cycle. The results showed that the initial 
release of DIP, as sediment is mixed with water, depends on the IP content of the 
sediment and the background concentration of DIP in the water column. As 
tidally-induced shear stress increased, there was a strong linear relationship with 
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DIP release until P equilibrium between the particulate phase and the water 
column was reached. The initial release of DOP depended on the sediment type 
and the salinity of the water but shear stress had no effect on DOP release. A 
high salinity also reduced the ability of DIP to re-adsorb onto particles, prolonging 
the bioavailability of phosphorus in the water column. 
The results from the beaker experiments with constant stirring confirmed the 
importance of the background concentration of DIP in the water column on the 
initial DIP release. The initial DIP exchange was highly dependent on the DIP 
background concentration and the ionic strength of the water. Both initial and 
short temn DOP release from the SPM due to suspension was unaffected by the 
UHP or the biotic river water matrix but hydrolysis of the labile DOP compounds 
such as G-6-P occurred in the water column in both matrices. 
When the constantly stirred bioreactors reached equilibrium, the SPM exhibited a 
high buffering capacity for both inorganic and organic P added to both UHP and 
river water. The SPM buffered all the added DIP (80 pg L'^  P) for 12 - 16 h and 
the SPM also had a high and permanent buffering capacity for refractory organic 
P compounds (phytic acid) but a much lower buffering capacity for labile species 
(G-6-P). The water matrix (UHP and biotic river water) had no effect on the net 
gain / loss of the different P species for up to 190 h. 
Overall these aspects of the research show that turbulence in rivers could result 
in an initial flux of IP and O P into the water column as particles are suspended. 
The release of IP depends heavily on the shear stress experienced by particles in 
the water column and the ambient DIP concentration. Therefore, releases will be 
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highest in the most turbulent rivers with the lowest DIP concentrations. If an 
additional source of P enters the river, such as sewage effluent or fertilizer run off, 
SPM has a short-term capacity to buffer this input. However, the data showed 
that this buffering capacity depends on the P species; for example, the buffering 
capacity was higher for orthophosphate and phytic acid than G-6-P. As SPM is 
transported to an estuary, the change in salinity will enhance IP release and the 
high salinity will also reduce the ability of DIP to be re-adsorbed onto particles, 
prolonging its bioavailability In the water column. 
This project highlighted a number of important issues for determining phosphorus 
in natural waters and understanding the cycling of phosphorus species in aquatic 
systems. An important finding was that organic phosphorus is a significant 
contributor to P release from SPM and sediments in natural waters. Organic P 
can be converted into DIP by bacteria, either directly or indirectly and via 
chemical hydrolysis (Chapter 2 and 3). Organic phosphorus is often a significant 
fraction of the total P pool in natural waters and could therefore impact on water 
quality. In estuaries, during suspension events (Chapter 4 and 5), the IP and O P 
content of the sediment, the initial concentrations of DIP and DOP in the water 
column, the water matrix, salinity and shear stress all influence DIP and DOP 
exchange and transformations between sediment/SPM and the water column. 
This work showed that organic phosphorus is Important in the aquatic 
environment and should not be ignored when considering the bioavailability of 
phosphorus. Dissolved labile organic phosphorus species such a s G-6-P can be 
an important source for bacterial uptake and refractory organic phosphorus 
species such as phytic acid contribute to phosphorus cycling by displacement of 
IP from the surface of particulate matter. 
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6.2 Future work 
For the analytical methods used to a s s e s s P transformations in estuarine 
particle-water systems it would be useful to develop a reagentless approach to 
the autoclaving process by investigating the use of e.g. microwave digestion. The 
analytical capability of the segmented flow analyser could also be effectively 
harnessed to determine nitrogen species in parallel with the phosphorus 
measurements. This would allow the role of nitrogen, and the impact of the 
nutrient (N:P) ratio, on bacterial growth to be investigated. 
At the end of the microcosm experiments, a single analysis suggested that the 
bacterial species on the biofilm were dominated by Vibrio species. It would be 
useful to identify the full range of bacterial species present at regular time 
intervals during biofilm formation and during the microcosm experiments. This 
would allow correlation between nutrient behaviour and bacterial species 
composition and hence facilitate the prediction of conditions likely to stimulate 
bacterial growth. Furthermore, the determination of D O C and TDN 
concentrations during the P step change experiments would enable C:N:P ratios 
to be calculated and hence nutrient uptake ratios and limitation to be determined. 
The flume technique has been successfully applied to investigate two extreme 
water conditions (salinity 0 and 35). The next step would be to investigate P 
transfonmations at different salinities (e.g. 5. 10. 15. 20. 25 and 30) in order to 
better model estuarine P cycling behaviour. For the UHP water experiments, a 
wider range of DIP and DOP concentrations could be used to investigate their 
effect on P exchange between sediment and water. The effect of pH on these 
processes would also be useful to investigate. 
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Adenosine-5'-triphosphate (ATP) is another important organic P compound in 
cells and is part of the DOP pool in natural waters. Hence it would also be 
interesting to use the microcosm, flume and beaker experimental techniques in 
an integrated manner to study ATP transformations in estuarine particle-water 
systems. 
138 
References 
Amako, K. and Umeda, A., 1977. An improved method for observation of 
bacterial growth using the scanning electron microscope. Journal of 
Electron Microscopy. 26: 155 -159. 
Aminot, A. and Kerouel, R., 1995. Reference material for nutrients in seawater: 
stability of nitrate, nitrate, ammonia and phosphate in autoclaved samples. 
Marine Chemistry, 49: 221 - 232. 
Aminot, A. and K6rouel, R., 2001. An automated photo-oxidation method for the 
determination of dissolved organic phosphorus in marine and fresh water. 
Marine Chemistry, 76: 113 -126. 
Anderson, B.H. and Magdoff, F.R., 2005. Auloclaving soil samples affects 
algal-available phosphorus. Journal of Environmental Quality. 34: 1958 -
1963. 
Anderson, G., Williams, E . G . and Moir, J .O. , 1974. A comparison of the sorption 
of inorganic phosphate and inositol-hexaphosphate by six acid soils. 
Journal of Soil Science. 25: 51 - 62. 
Anderson, J.M., 1975. Influence of pH on release of phosphorus from lake 
sediments. Archives of Hydrobiology 76: 411 - 419. 
APHA, 1976. Standard methods for the examination of water and wastewater, 
American Public Health Association, 14th Edition, New York. 
Appenzeller, B.M.R., Batte, M., Mathieu, L., Block. J . C . . Lahoussine, V., Cavard. 
J . and Gatel, D., 2001. Effect of adding phosphate to drinking water on 
bacterial growth in slightly and highly corroded pipes. Water Research, 35: 
1100 -1105. 
Aspila, K.I., Agemian, H. and Chau, A.S.Y. , 1976. A semi-automated method for 
the determination of inorganic, organic and total phosphate in sediments. 
Analyst, 101: 187 -197. 
Badr, E.A., 2005. Environmental assessment of biogeochemical cycling of 
dissolved organic carbon (DOC) and nitrogen (DON) in natural waters, 
PhD Thesis. University of Plymouth, Plymouth, UK. 
Badr, E.A., Tappin, A. and Achterberg, E . . 2008. Distributions and seasonal 
variability of dissolved organic nitrogen in two estuaries in S W England. 
Marine Chemistry. 110: 153 -164. 
Baldwin, D.S., 1998. Reactive "organic" phosphorus revisited. Water Research, 
32: 2265 - 2270. 
Baldwin. D.S., Beattie, J.K. and Jones, D.R., 1996. Hydrolysis of an organic 
phosphorus compound by iron-oxide impregnated filter papers. Water 
Research. 30: 1123-1126. 
139 
Baldwin, D.S., Mitchell, A.M. and OIley, J . , 2002. Pollutant-sediment interactions: 
sorption, reactivity and transport of phosphorus. Agriculture. Hydrology 
and Water Quality. CABI, Wallingford, UK, 265 - 280 pp. 
Bale, A .J . and Morris, A.W., 1981. Laboratory simulation of chemical processes 
induced by estuarine mixing: the behaviour of iron and phosphate in 
estuaries. Estuarine, Coastal and Shelf Science, 13: 1 - 1 0 . 
Blomqvist, S . , Hjellstrom, K. and Sjosten, A., 1993. Interference from arsenate, 
fluoride and silicate when determining phosphate in water by the 
phosphoantimolylmolybdenum blue method. International Journal of 
Environment Analytical Chemistry, 54: 3 - 43. 
Boers, P.C.M., 1991. The influence of pH on phosphate release from lake 
sediments. Water Research, 25: 309 -311 . 
Bostrom, B., Jansson, M. and Forsberg, C , 1982. Phosphorus release from lake 
sediments. Archives of Hydrobiology 18: 5 - 59 
Carlsson, H., Aspegren, H., Lee, N. and Hilmer, A., 1997. Calcium phosphate 
precipitation in biological phosphorus removal systems. Water Research, 
31: 1047-1055. 
Carritt, D.E. and Goodgal, S . , 1954. Sorption reactions and some ecological 
implications. Deep-Sea Research, 1: 224 - 243. 
Cell, L., Lamacchia, S . , Ajmone-Marsan, F. and Barberis, E. , 1999. Interaction of 
inositol hexaphosphate on clays: adsorption and charging phenomena. 
Soil Science, 164: 574 - 585. 
Chambers, R.M., Fourqurean, J.W., Hollibaugh, J . and Vink, S.M., 1995. 
Importance of terrestrially-derived, particulate phosphorus to phosphorus 
dynamics in a west-coast estuary. Estuaries, 18: 518 - 526. 
Charpy-Roubaud, C , Charpy, L. and Sarazln, G. , 1996. Diffusional nutrient 
fluxes at the sediment-water interface and organic matter mineralization in 
an atoll lagoon (TIkehau, Tuamotu Archipelago.French Polynesia). Marine 
Ecology Progress Series, 132: 181 -190 . 
Chave, P., 2001. The E U Water Framework Directive. An Introduction. IWA 
Publishing, London. 
Cole, J . J . , Caraco, N.F. and Likens, G . E . , 1990. Short-range atmospheric 
transport: a significant source of phosphorus to an oligotrophic lake. 
Limnology and Oceanography, 35: 1230 -1237. 
Conley, D J . , Smith, W.M., Cornwell, J . C . and Fisher, T.R., 1995. Transformation 
of particle-bound phosphorus at the land-sea interface. Estuarine, Coastal 
and Shelf Science, 40: 161 -176 . 
Cotner, J .B . , Ammerman. J.W., Peele. E.R. and Bentzen, E. , 1997. 
Phosphonjs-limited bacterioplankton grov^h in the Sargasso S e a . Aquaric 
Microbial Ecology, 13: 141 -149 . 
140 
Cotner, J .B . and Wetzel, R.G., 1992. Uptake of dissolved Inorganic and organic 
phosphorus compounds by phytoplankton and bacterioplankton. 
Limnology and Oceanography, 37: 232 - 243. 
Degroot, C . J . and Golterman, H.L., 1993. On the presence of organic phosphate 
in some camargue sediments - evidence for the Importance of phytate. 
Hydroblologia. 252 :117 - 126. 
Denlson, F.H.. Haygarth. P.M., House. W.A. and Bristow, A.W.. 1998. The 
measurement of dissolved phosphorus compounds: evidence for 
hydrolysis during storage and implications for analytical definitions in 
environmental analysis. International Journal of Environmental Analytical 
Chemistry, 69: 111 - 123. 
Department for the Environment Food and Rural Affairs. 2003. e-digest of 
environmental statistics. 
Department for the Environment Food and Rural Affairs, 2004. Strategic review 
of diffuse water pollution from agriculture. Initial appraisal of policy 
instruments to control water pollution from agriculture. 
Dodds, W.K., Smith, V.H. and Zander. B., 1997. Developing nutrients targets to 
control benthic chlorophyll levels in streams: a case study of the Clarke 
Fork River. Water Research, 31: 1738 -1750. 
Drummond, L. and Maher, W., 1995. Determination of phosphorus in aqueous 
solution via formation of the phosphoantimonylmolybdenum blue complex. 
Re-examination of optimum conditions for the analysis of phosphate. 
Analytica Chimica Acta, 302: 69 - 74. 
Dyer, K.R., 2000. Estuaries: A physical Introduction, 2nd Edition. John Wiley & 
Sons, Chichester, 195 pp. 
Eckert, W., Nishri, A. and Parparova, R., 1997. Factors regulating the flux of 
phosphate at the sediment - water interface of a subtropical calcareous 
lake: A simulation study with intact sediment cores. Water, Air, and Soil 
Pollution. 99: 401 - 409. 
Edmondson, W.T., 1991. The Uses of Ecology: Lake Washington and Beyond, 
PhD Thesis, University of Washington, Washington D.C. 
Elbaz-Poulichet, F., Seyler, P., Maurice-Bourgoin, L., Guyot, J .L . and Dupuy, C , 
1999. Trace element geochemistry in the upper Amazon River. 
Geochimica et Cosmochimica Acta, 36: 1061 -1066. 
Emsley, J . , 1980. "The Phosphonjs Cycle". The Natural Environment and the 
Biogeochemical Cycles. Springer-Verlag, Berlin, 58 pp. 
E N D S Report. 2000. Water framework directive agreed at last. E N D S Report, 
305: 50 - 52. 
E N D S Report, 2002a. Long-term water policy strategy disappoints. E N D S Report, 
334: 4 0 - 4 1 . 
141 
ENDS Report, 2002b. Water framework directive for ces new cxintrols on diffuse 
pollution. E N D S Report. 334: 41 - 42. 
ENDS Report, 2003. Defining ecological quality: The Water Framework 
challenge. ENDS Report 347: 22 - 25. 
ENDS Report, 2004. Initial transposition of water directive completed across UK. 
E N D S Report 349: 56 - 57. 
Environment Agency, 1996. Tamar estuary and tribuaries, consultation report, 
local environmental agency plan. Environment Agency, Bodmin, 25 pp. 
Environment Agency, 1998. Aquatic Eutrophication in England and Wales. UK 
Environment Agency consultative report, London, 36 pp. 
Espinosa, M., Turner, B.L. and Haygarth, P.M., 1999. Preconcentration and 
separation of trace phosphoms compounds in soil leachate. Journal of 
Environmental Quality. 28: 1497 -1504. 
Fang, T.H., 2004. Phosphorus speciation and budget of the East China S e a . 
Continental Shelf Research, 24: 1285 -1299. 
Fang, Z., 1995. Flow Injection Atomic Absorption Spectrometry. John Wiley & 
Sons Ltd. Chichester, England, 146 pp. 
Flow Access , 2001. Windows software for Skalar SANplus system. Skalar 
Analytical, B.V., P.O Box 3239. 4800 D E Breda, The Netherlands. 
Fogg, D.N. and Wilkinson, N.T., 1958. The colorimetric determination of 
phosphorus. Analyst, 83: 405 - 414. 
Fox, L .E . , Sager, S .L . and Wofsy, S . C . , 1986. The chemical control of soluble 
phosphorus in the Amazon estuary. Geochimica et Cosmochimica Acta, 
50: 783 - 794. 
Frias, J . , Ribas, F. and Lucena, F., 1992. A method for the measurement of 
biodegradable organic carbon in waters. Water Research 26: 255 - 258. 
Friedrich, J . , Dinkel, C , Friedl, G. , Pimenov, N., Wijsman, J . , Gomoiu, M.T., 
Cociasu, A., Popa, L. and Wehrli. B.. 2002. Benthic nutrient cycling and 
diagenetic pathways in the north-western black sea. Estuarine, Coastal 
and Shelf Science, 54: 369 - 383. 
Froelich, P.N., 1988. Kinetic control of dissolved phosphate in natural rivers and 
estuaries: a primer on the phosphate buffer mechanism. Limnology and 
Oceanography, 33: 649 - 669. 
Geichter, R., Meyer, J . S . and Mares, A., 1988. Contribution of bacteria to release 
and fixation of phosphorus in lake sediments. Limnology and 
Oceanography. 33: 1542 -1558. 
Gales, M.E., Julian, E . C . and Kroner, R .C. , 1966. Method for quantitative 
determination of total phosphorus in water. Journal of American Water 
Works Association, 58: 1363. 
142 
Garda-Luque, E . , Pajares, J.M.F. and Gbmez-Parra, A., 2006. Assessing the 
geochemical reactivity of inorganic phosphorus along estuaries by means 
of laboratory simulation experiments. Hydrological Processes. 20: 3555 -
3566. 
Gardner. W.S. . Benner. R., Chin-Leo, G., Cotner. J .B . . Eadle, B.J. , Cavaletto. J . F . 
and Lansing, M.B., 1994. Mineralization of organic material and bacterial 
dynamics in Mississippi River plume water. Estuaries, 17: 816 - 828. 
Gardolinski. P .C .F .C . . Worsfold, P J . and McKelvie, I.D., 2004. Seawater induced 
release and transformation of organic and inorganic phosphorus from river 
sediments. Water Research, 38: 688 - 692. 
Giani, M., Boldrin, A.. Matteucci. G. . Frascari, F., Gismondi, M. and Rabitti. S . , 
2001. Downward fluxes of particulate carbon, nitrogen and phosphorus in 
the north-western Adriatic S e a . The Science of the Total Environment, 266: 
125-134 . 
Going. J . E . and Elsenreich. S . J . . 1974. Spectrophotometric studies of reduced 
molybdoantimonylphosphoric acid. Analytica Chimica Acta, 70: 95 -106 . 
Golterman, H.L., Clymo, R.S. and Ohnstad, M.A.M., 1978. Methods for the 
physical and chemical analysis of fresh waters. Blackwell Scientific 
Publications, Oxford, 180 pp. 
Gomez, E. , Durillon. C . Rofes, G. and Picot, B.. 1999. Phosphate adsorption and 
release from sediments of brackish lagoons:pH,02 and loading influence. 
Water Research. 33: 2437 - 2447. 
Goossen, J.T.H. and Kloosterboer, J . G . , 1978. Determination of phosphates in 
natural and waste waters after photochemical decomposition and acid 
hydrolysis of organic phosphorus compounds. Analytical Chemistry. 50: 
7 0 7 - 7 1 1 . 
Goulden, P.D. and Brooksbank, P., 1975. The determination of total phosphate in 
natural waters. Analytica Chimica Acta. 80: 183 -187 . 
Grases, F. and March. P.. 1989. Determination of phytic acid based on inhibition 
of crystalline growth of calcium oxalate monohydrate. Analytica Chimica 
Acta, 219: 8 9 - 9 5 . 
Grasshoff, K. (Editor), 1976. Methods of Seawater Analysis. Determination of 
nutrients. Verlag Chemie, Weinhem, 117 -126 pp. 
Gu, B., Schmitt, J . . Chen, Z., Liang, L. and McCarthy, J . F . , 1995. Adsorption and 
desorption of diffrent organic matter fractions on iron oxide. Geochimica et 
Cosmochimica Acta. 59: 219 - 229. 
Harris. G.P. (Editor). 1986. Phytoplankton ecology: Structure, function and 
fluctuation. Chapman and Hall. London, 71 - 91 pp. 
Harwood. J . E . . A.. V .S .R. and L . K.A., 1969. A rapid method for orthophosphate 
analysis at high concentrations in water. Water Research. 3: 417 - 423. 
143 
Haygarth. P.M.. Warwick. M.S. and House. W.A., 1997. Size distribution of 
colloidal molybdate reactive phosphorus in river waters and soil solution. 
Water Research, 31: 439 - 448. 
He. Z., Griffin, T .S . and Honeycutt, C.W.. 2004. Enzymatic hydrolysis of organic 
phosphorus in swine manure and soil. Joumal of Environmental Quality, 
33: 367 - 372. 
Heath, R.T., 2005. Microbial Turnover of organic phosphorus in aquatic systems. 
Organic Phosphorus in the Environment. CABI Publishing. London, 133 -
204 pp. 
Herut, B., Zohary, T., Robarts. R.D. and Kress, N., 1999. Adsorption of dissolved 
phosphate onto loess particles in surface and deep Eastern 
Mediterranean water. Marine Chemistry, 64: 253 - 265. 
Hill, A.R., 1982. Phosphorus and major cation mass balances for two rivers 
during low summer flows. Freshwater Biology, 12: 293 - 304. 
Holdren, G . C . and Armstrong, D.E.. 1980. Factors affecting phosphorus release 
from intact lake sediment cores. Environmental Science & Technology, 14: 
7 9 - 8 7 . 
Holleman, A.F. and Wiberg, E. , 2001. Inorganic Chemistry. Academic Press. San 
Diego, 741 - 755 pp. 
Holtan. H.. Kamp-Nielsen. L. and Stuanes. A.O., 1988. Phosphorus in soil, water 
and sediment: An overview. Hydrobiologia, 170: 19 - 34. 
Hosomi. M. and Sudo, R., 1986. Simulated determinations of total nitrogen and 
total phosphorus in freshwater samples using persulfate digestion. 
International Journal of Environmental Studies, 27: 31 - 36. 
House, W A , Denison, F.H. and Armitage, P.D., 1995. Comparison of the uptake 
of inorganic phosphorus to a suspended and stream bed-sediment. Water 
Research, 29: 767 - 779. 
Hu, Q.H., Zhu, Y.M., Song, J . , Li. Z.Y. and Wen, J . J . , 2003. Effects of pH and Eh 
on release of nitrogen and phosphorus from sediments of West Lake. 
Journal of Zhejiang University Science, 4: 358 - 362. 
Hupfer, M., Rube, B. and Schmieden P.. 2004. Origin and diagenesis of 
polyphosphate in lake s 
Oceanography, 49: 1 - 1 0 
ediments: A ^V-NMR study. Limnology and 
Jarvie, H.P., Jurgens. M.D.. Williams. R .J . , Neal, C , Davies, J .J .L . . Barrett, C . 
and White, J . , 2005. Role of river bed sediments as sources and sinks of 
phosphorus across two major eutrophic UK river basins: the Hampshire 
Avon and Herefordshire Wye. Journal of Hydrology, 304: 51 - 74. 
Jeffries. D.S.. Dieken, F.P. and Jones, D.E.. 1979. Performance of the autoclave 
digestion method for total phosphorus analysis. Water Research, 13:275 -
279. 
144 
Jenkins, D.. 1986. Advanced Chemistry. Oxford University Press, Oxford, 41 pp. 
Jin, X., Wang. S . . Pang, Y. and Chang. W.F. . 2006. Phosphorus fractions and the 
effect of pH on the phosphorus release of the sediments from different 
trophic areasin Taihu lake, China. Environmental Pollution, 139:288 - 295. 
John, M.K., 1970. Colorimetric determination of phosphorus in soil and plant 
materials with ascorbic acid. Soil Science. 109: 214 - 220. 
Kaplan, L.A. and Newbold, J.D., 1995. Measurement of streamwater 
biodegradable dissolved organic carbon with a plug-flow bioreactor. Water 
Research. 29: 2696 - 2706. 
Kerouel, R. and Aminot, A., 1995. Model compounds for the determination of 
organic and total phosphorus dissolved in natural waters. Analytica 
Chimica Acta. 318: 385 - 390. 
Kim, L.H., Choi, E . and Stenstrom, M., 2003. Sediment characteristics, 
phosphorus types and phosphorus release rates between river and lake 
sediments. Chemosphere, 50: 5 3 - 6 1 . 
Kirkman, H.N. and Gaetani, G.F . , 1986. Regulation of glucose-6-phosphate 
dehydrogenase in human erythrocytes. Journal of Biological Chemistry 
261 :4033-4038 . 
Kleeberg, A. and GrOneberg, B.. 2005. Phosphorus mobility in sediments of acid 
mining lakes, Lusatia, Germany. Ecological Engineering, 24: 89 -100 . 
Kleeberg, A., Schapp, A. and Biemelt, D., 2008. Phosphorus and iron erosion 
from non-vegetated sites in a post-mining landscape, Lusatia, Germany: 
Impact on aborning mining lakes. CATENA, 72: 315 - 324. 
Klotz, R.L., 1985. Factors controlling phosphorus limitation in stream sediments. 
Limnology and Oceanography, 50: 5 3 - 6 1 . 
Kornberg, A. and Fraley. C D . , 2000. Inorganic polyphosphate: a molecule fossil 
come to life. American Society for Microbiology News, 66: 275 - 280. 
Koroleff. F.. 1983. Inorganic certified reference materials in 'water'- What do we 
have, what do we need? Analyst, 123: 991 - 995. 
Koski-Vahala, J . . Hartikainen, H. and Tallberg. P.. 2001. Phosphorus 
mobilization from various sediment pools in response to increased pH and 
silicate concentration. Journal of Environmental Quality, 30: 546 - 552. 
Labry, C , Delmas. D. and Herbland. A., 2005. Phytoplankton and bacterial 
alkaline phosphatase activities in relation to phosphate and OOP 
availability within the Gironde plume waters (Bay of Biscay). Journal of 
Experimental Marine Biology and Ecology, 318: 213 - 225. 
Lambert. D. and Maher, W., 1992. Changes in phosphorus fractions during 
storage of lake water. Water Research, 26: 645 - 648. 
145 
Langner. C.L. and Hendrix, P.F., 1982. Evaluation of a persulfate digestion 
method for particulate nitrogen and phosphorus. Water Research, 16: 
1451 -1454. 
Langston, W.J. . Chesman, B.S. . Burt , G.R.. Hawkins, S . J . . Readman, J . and 
Worsfold, P.J . , 2003. Characterisation of the South West European 
Marine Sites: Plymouth Sound and Estuaries c S A C , SPA. Occasional 
Publication of the Marine Biological Association 9. Marine Biological 
Association of the United Kingdom 315 - 324 pp. 
Lebo, M.E.. 1991. Particle-bound phosphorus along an urbanized coastal plain 
estuary. Marine Chemistry, 34: 225 - 246. 
Linge, K.L. and Oldham, C . E . , 2001. Interference from arsenate when 
determining phosphate by the malachite green method. Analytica Chimica 
Acta 450: 247 - 252. 
Liu. B.L., Rafiq, A.. Tzeng, Y.M. and Rob. A., 1998. The induction and 
characterization of phytase and beyond. Enzyme and Microbial 
Technology, 22: 415 - 424. 
Louchouarn, P., Lucotte, M., Canuel. R., Gagne, J . P . and Richard, L.F. , 1997. 
Sources and eariy diagenesis of lignin and bulk organic matter in the 
sediments of the lower St. Lawrence Estuary and the Saguenay Fjord. 
Marine Chemistry, 58: 3 - 26. 
Lucena, F., Frias, J . and Ribas, F., 1990. A new dynamic approach to the 
determination of biodegradable dissolved organic carbon in water. 
Environmental Science and Technology, 12: 343 - 347. 
Maher. M.F., Wruck, K.D., Louie, H., Nguyen, T. and Huang, W.Y., 2002. 
Determination of total phosphorus and nitrogen in turbid waters by 
oxidation with alkaline potassium peroxodisulfate and low pressure 
microwave digestion, autoclave heating or the use of closed vessels in a 
hot water bath: comparison with Kjeldahl digestion. Analytica Chimica 
Acta, 463: 283 - 293. 
Maher, W. and Woo, L., 1998. Procedures for the storage and digestion of natural 
waters for the determination of filterable reactive phosphorus, total 
filterable phosphorus and total phosphorus. Analytica Chimica Acta, 375: 
5 - 4 7 . 
Mainstone. C P . and Parr, W., 2002. Phosphorus in rivers - ecology and 
management. The Science of the Total Environment, 282 - 283: 25 - 47. 
Mankasingh, U., 2005. Techniques for studying the biogeochemistry of nutrients 
in the Tamar Catchment, PhD Thesis, University of Plymouth, Plymouth. 
Manning, A .J . and Dyer, K.R., 1999. A laboratory examination of floe 
characteristics with regard to turbulent shearing. Marine Geology, 160: 
147 -170 . 
146 
Manning, A .J . and Dyer, K.R., 2002. A comparison of floe properties observed 
during neap and spring tidal conditions. Fine Sediment Dynamics in the 
Marine Environment Elsevier. Amsterdam, The Nelheriands, 25 - 40 pp. 
Marsden, M.W., 1989. Lake restoration by reducing external phosphorus loading: 
The influence of sediment phosphorus release. Freshwater Biology, 21: 
139 -162 . 
Martin. M., Cell. L. and Barberis, E. , 1999. Determination of low concentration of 
organic, phosphonjs in soil solution. Communications Soil Science Plant 
Analysis, 30: 1909-1917 . 
Mayer. T. and Jarrell. W.M., 2000. Phosphorus soprtion during iron(ll) oxidation 
in the spresence of dissolved silica. Water Research, 34: 3949 - 3956, 
McKelvie, I.D.. 2005. Separation, Preconcentration and Speciation of Organic 
Phosphorus in Environmental Samples. Organic Phosphorus in the 
Environment. CABI Publishing, London, 1 - 20 pp. 
McKelvie. I.D., Hart, B.T., Cardwell, T . J . and Cattrall, R.W., 1989. 
Spectrophotometric determination of dissolved organic phosphorus in 
natural waters using in-line photo-oxidation and flow injection. Analyst. 
114: 1459-1463. 
McKelvie, I.D., Peat, D.M.W. and Worsfold, P.J . , 1995. Techniques for the 
quantification and speciation of phosphorus in natural waters. Analytical 
Proceedings Including Analytical Communications, 32: 437 - 445. 
Menzel, D.W. and Corwin, N., 1965. The measurement of total phosphonjs 
liberated in seawater based on the liberation of organically bound fractions 
by persulfate oxidation. Limnology and Oceanography, 10: 280 - 281. 
Methods for the Examination of Waters and Associated Materials, 1980. 
Phosphonjs in waters, effluents and sewages. Methods for the 
examination of waters and associated materials. Her Majesty's Stationary 
Office. London. 
MEWAM, 1980. Phosphorus in waters, effluents and sewages. Methods for the 
examination of waters and associated materials. Her Majesty's Stationary 
Office, London. 
Miettinen, I.T., Vartiainen, T. and Martikainen, P.J . , 1997. Phosphorus and 
bacterial grovy4h in drinking water. Applied and Environmental 
Microbiology, 63: 3242 - 3245. 
Mighanetara. K.. Braungardt, C .B. , Rieuwerts, J . S . and Azizi, F., 2008. 
Contaminant fluxes from point and diffuse sources from abandoned mines 
in the River Tamar catchment, UK. Journal of Geochemical Exploration. 
100: 116-124. 
Miles, A.A. and Misra, S . S . , 1938. The estimation of the bactericidal power of the 
blood. Journal of Hygiene. 38: 732. 
147 
Miller. A . E . J . . 1999. Seasonal investigations of dissolved organic carbon 
dynamics in the Tamar Estuary. UK. Estuarine, Coastal and Shelf Science, 
49: 891 - 908. 
Mitchell, A.M. and Baldwin, D.S., 2005. Organic phosphorus in the Environment. 
Organic phosphorus in the aquatic environment: Speciation, 
transformations and interactions with nutrient cycles. CABI, London, 309 
pp. 
Monbet. P.. McKelvie. I.D.. Saefumillan, A. and Worsfold, P.J . , 2007. A protocol 
to assess the enzymatic release of dissolved organic phosphorus species 
in waters under environmentally relevant conditions. Environmental 
Science Technology. 41: 7479 - 7485. 
Monbet. P.. McKelvie, I.D. and Worsfold, P.J . , 2009. Dissolved organic 
phosphorus speciation in the waters of the Tamar estuary (SW England). 
Geochimica et Cosmochimica Acta, 73: 1027 -1038. 
Morel, F.M., Rueter, J . G . , Anderson, D.M. and Guillard, R.R.. 1979. Aquil: A 
chemically defined phytoplankton culture medium for trace metal studies 
Journal of Phycology, 15: 136 -141 . 
Morse, J.W.. Hunt, M., Zulling, J . . Mucci, A. and Mendez. T., 1982. A comparison, 
of techniques for preserving dissolved nutrients in open ocean seawater 
samples. Ocean Science and Engineering, 7: 75 - 106. 
Mozeto, A.A.. Silvero, P.F. and Scares , A., 2001. Estimates of benlhic fluxes of 
nutrients across the sediment-water interface (Guarapiranga reservoir, 
Sao Paulo. Brazil). The Science of the Total Environment, 266: 135-142. 
Murphy, J . and Riley. J .P . , 1962. A modified single solution method for the 
determination of phosphate in natural waters. Analytica Chimica Acta. 27: 
31 - 36. 
Nguyen, L. and Sukias. J . . 2002a. Faecal contamination and the removal of 
Escherichia Coli (E . coli) in drainage ditches, in Dairy Farm Soil 
Management. Fertilizer and Lime Research Centre, Massey University. 
Palmerston North, 261 - 266 pp. 
Nguyen, L. and Sukias, J . , 2002b. Phosphonjs fractions and retention in drainage 
ditch sediments receiving surface runoff and subsurface drainage from 
agricultural catchments in the North Island. New Zealand. Agriculture. 
Agriculture Ecosystems and Environment, 92: 49 - 69. 
Nicholson, D., Dyhrman, S . , Chavez, F. and Paytan, A., 2006. Alkaline 
phosphatase activity in the phytoplankton communities of Monterey Bay 
and San Fransisco Bay. Limnology and Oceanography. 51: 874 - 883. 
Norrman, B.. 1993. Filtration of Water Samples for Doc Studies. Marine 
Chemistry 41: 2 3 9 - 2 4 2 . 
Omaka, N.O.. 2005. Flow injection techniques for investigating the 
biogeochemistry of nutrients in natural waters, PhD Thesis, University of 
Plymouth, Plymouth. 
148 
Pai, S . C . . Yang, C . C . and Riley, J .P . , 1990. Effects of acidity and molybdate 
concentration on the kinetics of the formation of the 
phosphoantimonylmolybdenum blue complex. Analytica Chimica Acta, 
229: 115 - 120. 
Pant, H.K.. Edwards. A .C . and Vaughan, D., 1994. Extraction, molecular 
fractionation and enzyme degradation of organically associated 
phosphorus in soil solutions. Biology and Fertility of Soils. 17: 196 - 200. 
Perkins, R.G. and Undenwood, G . J . C . , 2001. The potential for phosphorus 
release across the sediment-water interface in an eutrophic reservoir 
dosed with ferric sulphate. Water Research, 35: 1399 -1406. 
Pettersson. K.. 2001. Phosphorus characteristics of settling and suspended 
particles in lake Erken. The Science of the Total Environment, 266: 79 -
86. 
Pettyjohn, W.A., 1972. Water quality in a stressed environment. Burgess. 
Minneapolis. USA. 
Pichet, P., Jamati. K. and Goulden, P.D., 1979. Preservation du contenu en 
o-phosphate d'echantillons d'eau du fleuve saint-laurent. Water Research 
13: 1187-1191. 
Pomeroy, L.R., Smith. E . E . and Grant, C M . , 1965. The exchange of phosphate 
between estuarine water and sediments. Limnology and Oceanography. 
2: 167 -172 . 
Prescott, L.M., Harley, J .P . and Klein. D.A., 1999. Microbiology. McGraw-Hill 
London, 9 8 - 1 6 0 pp. 
Qiu, S . and McComb, A.J . , 1995. Planktonic and microbial contributions to 
phosphorus release from fresh and airdried sediments. Marine and 
Freshwater Research 46: 1039 -1045 . 
Quiquampoix, H. and Mousain, D., 2005. Organic phosphorus in the Environment. 
Enzymatic hydrolysis of organic phosphorus. CABI, London, 89 pp. 
Redfield, A.C. , Smith, H.P. and Ketchum. B., 1937. The cycle of organic 
phosphorus in the Gulf of Maine. The Biological Bulletin. 73: 421 - 443. 
Reeve, R.N., 1994. Environmental Analysis: Analytical Chemistry by Open 
Learning. John Wiley & Sons Ltd, New York. 71 pp. 
RIdal, J . J . and Moore, R.M., 1990. A re-examination of the measurement of 
dissolved organic phosphorus in seawater. Marine Chemistry, 29:19 - 31. 
Riley, C . and Rocks, B.F., 1983. Comment: flow-injection analysis- The end of 
the begining?Segmented-flow analysis-The beginning of the end? Journal 
of Automatic Chemistry. 5: 1 - 2 
Robards, K., McKelvie, I.D.. Benson, R.L., Worsfold, P.J. . Blundeli. N.J. and 
Casey, H., 1994. Determination of carbon, phosphorus, nitrogen and 
silicon species in waters. Analytica Chimica Acta. 287: 147 -190 . 
149 
Rowland, A.P. and Haygarth, P.M., 1997. Determination of total phosphonjs in 
soil solutions. Journal of Environmental Quality, 26: 410 - 415. 
Rusch, A., Huettel. M. and Forster. S . . 2000. Particulate organic matter in 
permeable marine sands-dynamics in time and depth. Estuarine, Coastal 
and Shelf Science, 51: 399 - 414. 
Ruttenberg. K.C.. 1992. Development of a sequential extraction method for 
different forms of P in marine sediments. Limnology and Oceanography, 
37: 1460 -1482. 
Ruzifika, J . and Hansen, E.H.. 1974. Flow injection analyses Part I. A new 
concept of fast continuous flow analysis. Analytica Chimica Acta, 78:145 -
157. 
Rydin, E . , 2000. Potentially mobile phosphorus in Lake Erken sediment. Water 
Research, 34: 2037 - 2042. 
Sandford, R.C. , Exenberger, A. and Worsfold, P.J . , 2007. Nitrogen cycling in 
natural waters using in situ, reagentless UV spectrophotometry with 
simultaneous determination of nitrate and nitrite. Environmental Science & 
Technology, 41: 8420 - 8425. 
Santschi, P., Hohener, P., Benoit, G . and Buchholtz-ten Brink, M., 1990. 
Chemical processes at the sediment-water interface. Marine Chemistry. 
30: 269-315. 
Sathasivan, A., Ohgaki, S . , Yamamoto, K. and Kamiko, N., 1997. Role of 
inorganic phosphorus in controlling regrowth in water distribution system. 
Water Science and Technology, 35: 37 - 44. 
Schwab. E . C . , 2007. Low-Level Phosphorus Determination by U S E P A Persulfate 
Digestion Method 365.1, National Water Quality Laboratory, Denver, USA. 
Serrasolses, !., Romanya. J . and Khanna, P.K., 2008. Effects of heating and 
autoclaving on sorption and desorption of phosphorus in some forest soils. 
Biology and Fertility of Soils, 44: 1063 -1072 . 
Simard, R.R., Beauchemin, S . and Haygarth, P.M., 2000. Potential for 
preferential pathways of phosphorus transport. Journal of Environmental 
Quality, 29: 9 7 - 1 0 5 . 
Smil, v. , 2000. Phosphorus in the environment: natural flows and human 
interferences. Annual Review of Energy and Environment, 25: 53 - 88. 
Smith, V.H., Tilman, G.D. and Nekola, J . C . , 1999. Eutrophication impact of 
excess nutrient inputs on freshwater, marine, and terrestrial ecosystems. 
Environmental Pollution, 100: 179 -196 . 
Sondergaard. M., Windolf. J . and Jeppesen, E. . 1996. Phosphorus fractions and 
profiles in the sediment shallow Danish lakes as related to phophorus load, 
sediment composition and lake chemistry. Water Research, 30: 992 -
1002. 
150 
S0ndergaard. M. and Worm. J . . 2000. Measurement of biodegradable dissolved 
organic carbon (BDOC) in lake water with a bioreactor. Water Research, 
35: 2502 -2513 . 
Steer, T . E . , Gee, J.N., Johnson, I.T. and Gibson, G.R.. 2004. Biodiversity of 
human faecal bacteria isolated from phytic acid enriched chemostat 
fermenters. Current Issues in Intestinal Microbiology, 5: 23 - 39. 
Suzumura, M. and Kamatani, A., 1995. Mineralization of inositol hexaphosphate 
in aerobic and anaerobic marine sediments: Implications for the 
phosphorus cycle. Geochimica et Cosmochimica Acta, 59: 1021 - 1026. 
Taylor, S.A„ Steer, T . E . and Gibson, G.R.. 1999. Diet, bacteria and colonic 
cancer. Nutrition & Food Science, 99: 187 - 1 9 3 . 
Thurman. E.M.. 1985. Organic geochemistry of natural waters. Nijhoff & Junk 
Boston. 9 pp. 
To, Y . S . and Randall, C.W., 1977. Evaluation of ascorbic acid method for 
determination of orthophosphates. Journal of the Water Pollution Control 
Federation, 49: 689 - 692. 
Tolman, C.A., 1970. Phosphorus ligand exchange equilibriums on zerovalent 
nickel. Dominant role for steric effects. Journal of the American Chemical 
Society. 92: 2956-2965. 
Towns, T .G. , 1986. Determination of aqueous phosphate by ascorbic acid 
reduction of phosphomolybdicacid. Analytica Chimica Acta, 58: 223 - 229. 
Tratnyek, 1993. Oxidation and acidification of anaerobic sediment - water 
systems by autoclaving. Journal of Environmental Quality, 22: 375 - 378. 
Tuckwell. R.. 2008. Flow injection techniques for the determination of nutrients in 
natural waters, MPhil Thesis. University of Plymouth, Plymouth. 
Turner, B.L., McKelvie, I.D. and Haygarth. P.M., 2002a. Characterisation of 
water-extractable soil organic phosphorus by phosphatase hydrolysis. Soil 
Biology and Biochemistry, 34: 27 - 35. 
Tumer, B.L., Paphazy, M.J.. M.. H.P. and McKelvie, I.D., 2002b. Inositol 
phosphates in the environment. Philosophical Transactions of the Royal 
Society of London Series B-Biological Sciences, 357: 449-469. 
Valderrama. J . C . , 1981. The simultaneous analysis of total nitrogen and total 
phosphorus in natural waters. Marine Chemistry, 10: 109 -122 . 
Van der Zee, C , Roevros, N. and Chou, L., 2007. Phosphorus speciation, 
transformation and retention in the Scheldt estuary (Belgium/The 
Netheriands) from the freshwater tidal limits to the North S e a . Marine 
Chemistry, 106: 7 6 - 9 1 . 
Wainright, S . C . . 1990. Sediment-to-water fluxes of particulate material and 
microbes by resuspension and their contribution to the planktonic food 
web. Marine Ecology Progress Series, 62: 271 - 281. 
151 
Wang, H., Appan, A. and Gulliver. J . S . . 2003. Modeling of phosphorus dynamics 
in aquatic sediments: ll-examination of model perfonmance. Water 
Research, 37: 3939-3953. 
Whitton, B.A., Al-Shehri. A.M., Ellwood. N.T.W. and Turner. B.L., 2005. Organic 
phosphorus in the Environment. Ecological aspects of phosphatase 
activity in cyanobacteria. eukaryotic algae and bryophytes. CABI, London. 
205 pp. 
Withers, P.J.A. and Muscutt, A.D., 1996. The phosphonjs content of rivers in 
England and Wales. Water Research, 30: 1258 -1268. 
Woo, L. and Maher, W., 1995. Determination of phosphorus in turbid waters 
using alkaline potassium peroxodisulphate digestion. Analytica Chimica 
Acta, 315: 123 - 135. 
Worsfold, P.J . . Gimbert, L .J . , Mankasingh, U.. Omaka. N.O., Hanrahan. G. . 
Gardolinski, P . C . F . C . . Haygarth, P.M., Turner, B.L., Keith-Roach, M.J. 
and McKelvie, I.D.. 2005. Sampling, sample treatment and quality 
assurance issues for the determination of phosphorus species in natural 
waters and soils. Talanta, 66: 273 - 293. 
Worsfold, P.J. . Monbet, P.. Tappin. A., Fitzsimons. M.F., Stiles, D.A. and 
McKelvie, I.D., 2008. Characterisation and quantification of organic 
phosphorus and organic nitrogen components in aquatic systems: A 
Review. Analytica Chimica Acta, 624: 37 - 58. 
152 
Appendices 
Appendix A 
Table of detemilnation of the residence and refill time for a solution of KCI in the microcosms (Fig 3.5). 
h Microcosm control Siran (ps/cm) 
Microcosm control 
Duran (Ms/cm) h 
Microcosm control 
Siran (ps/cm) 
Microcosm control 
Duran (ps/cm) 
0 30.5 33.7 17 61400 59800 
1 50.2 30.3 18 61300 60300 
2 3300 5340 19 59800 59200 
3 46900 21200 20 58600 59100 
4 50800 26100 21 30200 58000 
5 57700 32100 23 6280 55800 
6 57200 39000 24 3280 54800 
7 57700 41300 25 2570 48600 
8 58600 44700 26 3540 25900 
9 58800 47100 27 1520 10890 
10 58800 48500 28 760 3730 
11 59000 49700 29 179 994 
12 59000 50800 30 76 209 
13 59100 52900 31 31.3 158 
14 62500 56800 32 23 72.6 
15 60600 56300 33 15 58.5 
16 60100 56800 34 21.2 34 
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Appendix B 
Table of DIP concentration from spiking with 80 pg P L"^  as orthophosphate In the outflow water from the microcosm Siran and microcosm Duran 
during the abiotic experiment (Fig 3.6a and b). 
h siran (pg P L'^ ) siran (pgRL*^) siran (pgPL'^) average Duran (pg P L'^ ) Duran (pg P L'^ ) Duran (pg P L'^ ) average 
0 3.3 3.3 3.3 3.3 3.3 3.5 3.4 3.4 
8 9.1 10.2 11.4 10.2 30.1 28.1 30.7 29.6 
11 33.6 31.3 30.2 31.7 35.4 35.4 35.4 35.4 
15 56.3 54.4 53.2 54.6 52.9 53.1 52.2 52.7 
18 65.1 66.4 64.4 65.3 62.8 62.8 62.4 62.7 
20 86.9 85.4 85.8 86.1 84.9 84.4 85.0 84.8 
23 85.7 85.8 85.1 85.5 84.2 84.0 84.1 84.1 
26 85.7 85.4 85.6 85.5 84.8 84.8 84.8 84.8 
28 86.1 86.0 85.4 85.8 85.3 85.2 85.7 85.4 
30 84.5 84.2 81.2 83.3 82.1 81.6 81.3 81.7 
32 83.9 82.9 81.8 82.9 83.9 83.9 83.9 83.9 
34 58.0 57.2 57.6 57.6 76.1 76.1 76.1 76 
40 11.2 9.2 11.4 10.6 16.4 16.4 16.4 16 
44 1.5 1.2 2.32 1.69 0.17 0.17 0.17 0.2 
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Table of DIP, TDP and DOP concentrations from spiking with 80 \IQ P L*^ as G-6-P in the outflow water from the microcosm Siran and microcosm 
Duran during the abiotic experiment (Fig 3.6c and d). 
h Siran (\ig P O 
Siran (\tg 
Pf^) 
Siran (\ig 
PL'^) 
DIP 
average Duran (pg PL'^) 
Duran (pg 
PL^) 
Duran (pg 
PL"^) average 
TDP 
average 
Siran 
average 
Ouran 
DOP 
average 
Siran 
average 
Duran 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
4.0 2.5 2.6 2.6 2.6 0.0 0.0 0.1 0.0 10.9 13.9 8.4 11.4 
14.0 33.9 33.7 33.4 33.7 26.3 24.4 24.4 25.1 74.3 70.7 40.5 34.4 
22.0 24.0 24.1 24.7 24.2 31.0 28.8 29.1 29.6 82.0 84.7 58.0 60.6 
32.0 21.8 21.2 22.4 21.8 20.7 20.5 19.4 20.2 88.6 78.1 66.9 56.9 
40.0 23.5 24.5 24.5 24.1 21.6 28.6 18.6 22.9 87.1 87.7 63.7 63.2 
45.0 3.4 3.3 3.3 3.3 3.3 3.5 3.4 3.4 71.5 98.7 68.1 65.0 
50.0 2.8 2.7 2.8 2.7 3.0 3.0 3.3 3.1 54.6 55.9 51.8 53.3 
55.0 2.8 2.7 2.7 2.7 2.3 2.4 2.4 2.4 5.0 5.1 2.2 2.5 
60.0 2.5 2.2 2.4 2.4 2.2 2.2 2.0 2.2 3.1 4.1 0.6 1.9 
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Table of DIP. TDP and DOP concentrations from spiking with 80 pg P L*^  as phytic acid in the outflow water from the microcosm Siran and 
microcosm Duran during the abiotic experiment (Fig 3.6e and f). 
h Slran PL'^) 
Siran Utg 
PL'^) 
Siran Uig 
PL"^) 
DIP 
average Duran (pg PL"^) 
Duran (pg 
PL'^) 
Duran (pg 
PL*^) average 
TDP 
average 
Siran 
average 
Duran 
DOP 
average average 
Stran Duran 
0.0 3.4 3.4 3.5 3.4 1.4 1.4 1.5 1.4 4.8 6.4 1.4 5.0 
4.0 2.7 2.6 2.7 2.7 2.6 2.7 2.6 2.6 22.2 11.9 19.5 9.3 
8.0 4.5 4.3 4.4 4.4 2.5 2.5 2.5 2.5 53.7 56.7 49.2 54.2 
12.0 4.4 4.4 4.4 4.4 2.5 2.5 2.5 2.5 58.3 73.4 53.9 71.0 
17.0 3.1 3.1 3.2 3.1 2.5 2.5 2.3 2.4 72.2 84.4 69.1 81.9 
21.0 4.6 4.7 4.8 4.7 2.6 2.5 2.5 2.5 74.6 88.4 70.1 85.8 
25.0 3.6 3.5 3.7 3.6 3.8 3.6 3.7 3.7 79.6 87.2 76.0 83.4 
29.0 2.9 3.1 2 2.7 2.8 2.8 2.8 2.8 69.7 68.1 66.8 65.3 
33.0 5.0 5.1 5.1 5.1 2.5 2.4 2.5 2.5 54.7 45.7 49.7 43.3 
37.0 3.7 3.6 3.5 3.6 2.4 2.4 2,4 2.4 9.6 3.8 5.9 1.4 
41.0 2.7 2.6 2.8 2.7 2.8 2.7 2.7 2.7 5.6 5.1 2.9 2.4 
0.0 3.4 3.4 3.5 3.4 1.4 1.4 1.5 1.4 4.8 6.4 1.4 5.0 
4.0 2.7 2.6 2.7 2.7 2.6 2.7 2.6 2.6 22.2 11.9 19.5 9.3 
156 
Appandix C 
Table of DIP and OOP concentrations in the outflow water of the microcosm Siran during the biotic experiment incorporating the addition of 80 M9 
P L'^  as orthophosphate (Fig 3.7a). Siran A, 8 and C represent three columns of microcosm Siran. 
h Siran A (MgPL'^) 
DIP 
Siran B 
(ngPL'^) 
Siran C 
(MgPL') average s.d 
Siran A 
(MgPL*') 
TDP 
Siran B 
(Mg P L ') 
Siran C 
(MgPL') 
Siran A 
(pgPL ' ) 
Siran B 
(Mg P L-^ ) 
DOP 
Siran C 
(MgPL') average s.d 
-8.0 5.4 5.6 5.4 5.5 0.1 7.4 7.6 8.1 1.9 2.0 2.7 2.2 0.4 
-4.0 3.7 3.2 2.5 3.1 0.6 7.8 7.8 8.4 4.1 4.6 5.9 4.9 0.9 
0.0 2.7 2.5 2.7 2.6 0.1 6.7 5.9 7.6 4.1 3.4 4.9 4.1 0.8 
4.0 4.2 5.2 7.9 5.7 1.9 12.2 13.7 18.7 8.0 8.6 10.8 9.1 1.5 
8.0 45.5 45.8 45.2 25.6 0.3 52.1 48.6 51.3 6.6 2.9 6.1 5.2 2.0 
13.0 51.1 49.3 49.0 39.3 3.2 50.7 51.4 55.0 -0.5 2.0 6.1 2.5 3.3 
19.0 45.2 45.1 44.8 45.0 0.2 52.4 58.8 55.9 7.2 13.7 11.0 10.6 3.3 
33.0 58.9 59.0 60.6 69.5 0.9 69.4 65.0 65.2 10.5 6.0 4.6 7.0 3.1 
38.0 69.7 73.0 62.8 68.5 5.2 86.5 85.7 80.3 16.9 12.7 17.5 15.7 2.6 
48.0 73.1 75.0 75.0 74.4 1.1 89.0 86.0 85.0 15.9 11.0 10.0 12.3 3.2 
55.0 38.9 40.6 45.9 41.8 3.7 86.0 86.0 81.0 47.1 45.4 35.1 12.5 6.5 
65.0 26.2 24.7 25.5 25.4 0.8 24.9 24.1 24.3 -1.3 -0.5 -1.1 -1.0 0.4 
75.0 17.3 16.9 16.7 17.0 0.3 16.9 15.5 15.1 -0.4 -1.4 -1.6 -1.1 0.7 
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Table of DIP and DOP concentrations in the outflow water of the microcosm Duran during the biotic experiment incorporating the addition of 80 \tg 
P L"^  as orthophosphate (Fig 3.7b). Duran D, E and F represent three columns of microcosm Duran. 
h Duran D 
(Mg P L-^ ) 
DIP 
Duran E 
(Mg P L') 
Duran F 
(Mg P L ') Average s.d 
Duran D 
(Mg P L-') 
TDP 
Duran E 
(Mg P L ') 
Duran F 
(Mg P L-') 
Duran D 
(Mg P u-') 
Duran E 
(MgPL' ) 
DOP 
Duran F 
(Mg P L'^ ) 
Average s.d 
-12.0 5.4 5.6 5.4 5.5 0.1 10.2 12.4 10.2 4.7 6.8 4.8 5.4 1.2 
-8.0 3.7 3.2 2.5 3.1 0.6 5.2 6.1 6.2 1.6 3.0 3.7 2.7 1.1 
0.0 2.7 2.5 2.7 2.6 0.1 14.2 10.8 7.6 11.5 8.3 4.9 8.2 3.3 
4.0 4.2 5.2 7.9 5.7 1.9 11.4 13.4 13.2 7.3 8.2 5.3 6.9 1.5 
10.0 9.3 6.3 5.5 7.0 2.0 28.4 27.3 28.1 19.1 21.0 22.6 20.9 1.8 
15.0 14.3 15.9 15.4 15.2 0.8 38.3 38.5 42.4 24.0 22.6 27.0 24.5 2.3 
18.0 37.5 38.6 39.2 38.4 0.8 60.3 55.0 59.7 22.8 16.4 20.6 19.9 3.3 
22.0 51.8 53.2 58.1 54.4 3.3 65.3 66.0 78.3 13.5 12.7 20.3 15.5 4.1 
26.0 72.0 72.2 75.3 73.2 1.9 86.3 87.8 83.3 14.3 15.6 8.0 12.6 4.1 
30.0 76.2 82.6 78.9 79.2 3.2 92.2 93.4 92.2 16.1 10.8 13.3 13.4 2.6 
36.0 86.4 84.2 83.8 84.8 1.4 94.4 95.5 91.6 8.1 11.3 7.8 9.1 1.9 
40.0 86.6 85.4 83.2 85.1 1.7 95.3 98.4 96.5 8.8 13.0 13.3 11.7 2.5 
52.0 30.2 32.7 32.0 31.6 1.3 49.5 52.6 49.1 19.4 19.9 17.1 18.8 1.5 
56.0 19.6 19.3 18.2 19.0 0.7 33.7 34.4 32.1 14.1 15.1 13.9 14.4 0.6 
62.0 6.4 6.2 6.0 6.2 0.2 10.2 9.5 11.0 3.8 3.3 4.9 4.0 0.8 
80.0 4.4 4.4 4.0 4.3 0.2 7.9 7.4 7.5 3.4 3.0 3.5 3.3 0.3 
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Appandix D 
Table of DIP and DOP concentrations in the outflow water of the microcosm Siran during the biotic experiment incorporating the addition of 80 \ig 
P L'^  as G-6-P (Fig 3.8a). Siran A, B and C represent three columns of microcosm Siran. 
DIP TDP DOP 
h Siran A 
(ng P L ' ) 
Siran B 
(Mg P L ' ) 
Siran C 
(Mg P L-') 
average s.d Siran A (MgPL' ) 
Siran B 
(Mg P L ' ) 
Siran C 
(Mg P L ' ) 
Siran A 
(MgPL-') 
Siran B 
(MgPL-') 
Siran C 
(Mg P L ' ) 
average s.d 
0.0 11.0 9.0 8.0 9.3 1.5 15 14 17 4 5 9 6 2.6 
10.0 36.2 35.9 38.4 36.8 1.4 47.5 48.0 51.2 11.4 12.1 12.8 12.1 0.7 
20.0 62.9 63.1 62.0 62.7 0.6 76.8 75.1 76.4 13.9 12.0 14.4 13.4 1.3 
30.0 72.3 72.3 70.2 71.6 1.2 85.7 84.7 83.3 13.4 12.4 13.1 13.0 0.5 
40.0 73.4 72.8 72.6 72.9 0.4 85.1 86.9 85.9 11.7 14.1 13.3 13.0 1.2 
50.0 73.5 74.0 66.9 71.5 4.0 84.2 86.6 78.6 10.7 12.6 11.7 11.7 1.0 
60.0 72.9 73.8 71.8 72.8 1.0 85.3 86.3 86.5 12.4 12.5 14.7 13.2 1.3 
70.0 77.5 77.5 76.9 77.3 0.4 92.2 90.6 92.3 14.7 13.1 15.4 14.4 1.2 
80.0 79.1 76.1 78.5 77.9 1.6 90.3 96.0 96.6 11.2 19.9 18.1 16.4 4.6 
90.0 70.8 79.3 78.1 76.1 4.6 91.2 92.4 84.1 20.4 13.1 6.0 13.1 7.2 
100.0 32.1 30.6 35.4 32.7 2.5 42.4 40.2 47.2 10.4 9.6 11.8 10.6 1.1 
110.0 10.3 9.1 13.3 10.9 2.2 11.9 10.1 12.9 1.6 1.1 -0.4 0.8 1.0 
120.0 10.9 7.2 12.7 10.3 2.8 11.1 10.0 11.1 0.2 2.8 -1.6 0.5 2.2 
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Table of DIP and DOP concentrations in the outflow water of the microcosm Duran during the biotic experiment Incorporating the addition of 80 pg 
P L'^  as G-6-P (Fig 3.8b). Duran D, E and F represent three columns of microcosm Duran. 
h Duran D 
(MO P L ' ) 
DIP 
Duran E 
(Mg P L ' ) 
Duran F 
(Mg P L ') 
average s.d Duran D 
(Mg P L-') 
TDP 
Duran E Duran F 
(Mg P L ' ) (Mg P L-^ ) 
Duran D 
(Mg P L ' ) 
Duran E 
(Mg P L ') 
DOP 
Duran F 
(Mg P L ' ) average s.d 
-40.0 2.2 2.1 1.8 2.0 0.2 10.9 13.4 14.1 8.7 11.3 12.3 10.8 1.9 
-20.0 2.2 2.4 2.1 2.2 0.2 9.2 11.4 8.4 7.0 9.0 6.3 7.4 1.4 
0.0 2.0 2.3 2.9 2.4 0.5 8.8 9.5 9.2 6.8 7.2 6.3 6.8 0.5 
10.0 11.3 11.8 19.6 14.2 4.7 36.0 31.2 25.0 24.7 19.5 5.3 16.5 10. 
20.0 27.9 28.5 31.9 29.5 2.1 41.4 41.9 34.0 13.4 13.4 2.0 9.6 6.6 
30.0 36.8 37.1 40.7 38.2 2.2 36.2 37.1 23.1 -0.6 0.0 -17.6 -6.1 10. 
40.0 50.6 51.4 57.0 53.0 3.5 56.2 56.3 58.6 5.6 4.9 1.6 4.0 2.1 
50.0 59.4 59.5 54.9 57.9 2.6 60.4 60.4 61.4 1.0 0.9 6.5 2.8 3.2 
60.0 57.2 57.0 55.5 56.6 0.9 57.8 58.3 59.7 0.6 1.3 4.2 2.0 1.9 
70.0 55.8 55.6 58.4 56.6 1.6 56.2 61.7 55.7 0.4 6.1 -2,7 1.3 4.5 
80.0 57.2 57.3 54.4 56.3 1.7 60.6 62.5 54.2 3.4 5.2 -0.1 2.8 2.7 
90.0 60.7 60.7 56.1 59.1 2.7 60.8 62.7 61.9 0.2 2.0 5.8 2.7 2.9 
100.0 60.4 60.6 57.0 59.3 2.0 61.3 61.8 56.5 0.9 1.3 -0.5 0.6 0.9 
110.0 58.6 58.1 56.4 57.7 1.1 60.6 61.3 56.2 2.0 3.2 -0.2 1.7 1.7 
120.0 40.8 40.8 34.2 38.6 3.8 52.2 52.6 45.2 11.4 11.8 11.0 1.1 0.4 
130.0 20.1 20.5 23.8 21.5 2.0 46.1 46.5 33.3 26.0 26.0 9.6 11.6 9.5 
140.0 17.4 17.4 16.2 17.0 0.7 36.4 37.9 32.4 19.0 20.5 16.3 18.6 2.2 
150.0 12.2 12.8 9.5 11.5 1.8 31.2 31.4 25.2 19.0 18.6 15.7 17.8 1.8 
160.0 11.2 11.8 7.9 10.3 2.1 18.4 17.7 11.2 7.2 5.9 3.3 5.5 2.0 
170.0 11.3 11.4 11.6 11.4 0.1 15.6 16.0 15.9 4.3 4.6 4.3 4.4 0.2 
180.0 9.5 9.5 8.5 9.2 0.6 14.8 15.9 11.3 5.3 6.4 2.8 4.8 1.8 
190.0 8.6 8.6 8.7 8.7 0.1 11.3 11.7 9.3 2.7 3.1 0.5 2.1 1.4 
200.0 8.7 8.8 8.8 0.0 12.6 18.7 13.7 3.9 9.9 4.9 6.2 3.2 
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Appendix E 
Table of DIP and DOP concentrations in the outflow water of the microcosm SIran during the biotic experiment incorporating the addition of 80 pg 
P L'^  as phytic acid (Fig 3.9a). Siran A, B and C represent three columns of microcosm Siran. 
DIP TDP DOP 
h Siran A 
(Mg P L ' ) 
Siran B 
(MgPL-') 
Siran C 
(MgPL-^) 
average s.d Siran A (MgPL' ) 
Siran B 
(MgPL' ) 
Siran C 
( p g P L ' ) 
Siran A 
(Mg P L-^ ) 
Siran B 
(MgPL'^) 
Siran C 
(MgPL-') 
average s.d 
-60.0 7.2 7.2 8.4 7.6 0.7 14.4 16.1 11.9 7.2 8.9 3.6 6.5 2.7 
-40.0 5.5 5.4 5.9 5.6 0.2 13.2 12.6 10.0 7.6 7.2 4.1 6.3 1.9 
-20.0 4.3 3.2 4.7 4.1 0.8 12.8 11.6 8.7 8.5 8.4 4.0 7.0 2.6 
0.0 2.7 3.3 5.7 3.9 1.6 13.1 13.7 12.4 10.4 10.5 6.7 9.2 2.1 
6.0 42.6 41.6 43.3 42.5 0.9 53.1 54.0 49.3 10.5 12.4 6.0 9.6 3.3 
12.0 42.1 42.3 43.2 42.5 0.6 61.1 64.6 56.5 19.0 22.4 13.3 18.2 4.6 
40.0 46.2 46.1 51.9 48.1 3.3 82.9 85.9 84.1 36.7 39.7 32.2 36.2 3.8 
60.0 47.6 47.5 46.2 47.1 0.8 86.4 86.0 80.6 38.9 38.5 34.4 37.3 2.5 
80.0 44.0 44.1 44.6 44.2 0.3 95.1 92.3 83.3 51.2 48.2 38.7 46.0 6.5 
100.0 11.7 11.4 11.9 11.6 0.2 15.6 14.8 15.9 3.9 3.4 4.1 3.8 0.3 
120.0 9.9 9.9 8.9 9.5 0.6 11.2 11.4 11.7 1.4 1.5 2.8 1.9 0.8 
140.0 8.9 8.6 5.2 7.6 2.1 9.3 12.6 18.7 0.4 4.0 13.5 6.0 6.8 
160.0 9.0 9.0 9.0 9.0 0.0 13.7 15.2 15.0 4.7 6.2 6.0 5.6 0.8 
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Table of DIP and DOP concentrations in the outflow water of the microcosm Duran during the biotic experiment incorporating the addition of 80 pg 
P L'^  as phytic acid (Fig 3.9b). Duran D, E and F represent three columns of microcosm Duran. 
DIP TDP DOP 
h Duran D 
(Mg P L-') 
Duran E 
(Mg P L ' ) 
Duran F 
(Mg P L ' ) 
average s.d Duran D 
(Mg P L ') 
Duran E 
(MgPL-') 
Duran F 
(Mg P L'^ ) 
Duran D 
(MgPL-^) 
Duran E 
(Mg P L ') 
Duran F 
(MgPL'') 
average s.d 
0.0 4.3 4.6 4.4 4.4 0.1 6.2 6.0 7.1 1.9 1.4 2.7 2.0 0.7 
5.0 6.4 6.6 3.2 5.4 1.9 13.0 12.5 10.1 6.5 5.9 6.9 6.4 0.5 
11.0 40.2 39.6 39.4 39.7 0.4 55.7 57.8 56.5 15.5 18.3 17.1 16.9 1.4 
19.0 49.1 49.1 48.0 48.7 0.6 71.0 75.7 73.5 21.9 26.6 25.5 24.7 2.4 
43.0 75.9 75.8 78.3 76.7 1.4 98.3 94.6 90.2 22.4 18.9 11.9 17.7 5.3 
59.0 76.0 70.2 73.4 73.2 2.9 97.7 97.3 100.2 21.7 27.1 26.8 25.2 3.1 
67.0 60.1 74.2 77.1 70.5 9.1 96.4 98.0 97.1 36.3 23.8 20.1 26.7 8.5 
89.0 5.7 4.9 3.9 4.8 0.9 13.3 16.3 14.8 7.6 11.4 10.9 10.0 2.1 
97.0 3.9 3.7 3.4 3.7 0.3 5.9 5.6 5.7 2.1 1.9 2.4 2.1 0.3 
107 3.4 3.4 3.5 3.4 0.1 4.0 3.8 3.7 0.6 0.4 0.2 0.4 0.2 
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Appendix F 
Table of nutrient data and SPM data of mini-flume experiments(Fig 4.7). (key: ASW: artificial sea water; UHP: ultra high purity water; M blank: 
matrix blank; F Blank: filter blank - matrix flushed through the filtration system 3 sequential aiiquots; RED: suspect data; note: a different 
sampling method (2 x Individual 100 mL aiiquots) was used for El hence lower SPM) 
Date Time Time Exp. Matrix PH 
Sedtmen 
t 
Sed. 
cone. 
Shear 
stress 
SPM 
(mg/L) NH4 StDev 
N03+N 
02 
(mM) StDev 
P04 
(uM) StDev 
TOP 
(uM) StDev 
08/11/2 
007 n/a 
M 
Blank 1 
UHP 
water 
Calstock 
Scrape 500 0.00 0.019 0.000 
08/11/2 
007 n/a 
F 
Blank 1 
UHP 
water 
Calstock 
Scrape 500 0.00 0.100 0.000 
08/11/2 
007 n/a 
F 
Blank 1 
UHP 
water 
Catstock 
Scrape 500 0.00 0.165 0.000 
08/11/2 
007 n/a 
F 
Blank 1 
UHP 
water 
Calstock 
Scrape 500 0.00 3.736 0.003 
08/11/2 
007 n/a TO 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.00 0 1.016 0.001 0.017 n/a 0.210 0.003 0.087 0.040 
08/11/2 
007 n/a TO 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.00 0 0.463 0.001 0.017 n/a 0.214 0.002 0.103 0.022 
08/11/2 
007 
14:15:0 
0 T1 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.00 
109.9 
5 2.283 0.002 0.265 n/a 0.722 0.096 0.908 0.060 
08/11/2 
007 
14:15:0 
0 T1 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.00 
109.9 
5 1.947 0.002 0.265 n/a 0.878 0.007 0.983 0.034 
08/11/2 
007 
14:50:0 
0 T2 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.06 84.40 2.174 0.001 0.355 n/a 0.879 0.002 0.986 0.006 
163 
08/11/2 
007 
14:50:0 
0 T2 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.06 84.40 1.907 0.003 0.355 n/a 0.900 0.005 1.036 0.093 
08/11/2 
007 
15:30:0 
0 T3 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.35 
171.7 
0 2.371 0.005 
comro 
mised n/a 0.952 0.059 1.102 0.012 
08/11/2 
007 
15:30:0 
0 T3 1 
UHP 
water 5.8 
Catstock 
Scrape 500 0.35 
171.7 
0 2.056 0.001 
comro 
mised n/a 1.021 0.003 1.157 0.105 
08/11/2 
007 
16:10:0 
0 T4 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.60 
233.9 
5 2.380 0.001 
comro 
mtsed n/a 1.080 0.008 1.264 0.046 
08/11/2 
007 
16:10:0 
0 T4 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.60 
233.9 
5 
compr 
2.022 0.002 
comro 
mised n/a 1.129 0.008 1.274 0.016 
08/11/2 
007 
16:50:0 
0 T5 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.90 
omise 
d 
compr 
2.026 0.001 0.485 n/a 1.194 0.005 1.914 0.014 
08/11/2 
007 
16:50:0 
0 T5 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.90 
omise 
d 2.251 0.003 0.485 n/a 1.224 0.002 1.976 0.010 
09/11/2 
007 
09:55:0 
0 T6 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.00 31.80 0.610 0.001 0.272 n/a 1.083 0.002 1.284 0.002 
09/11/2 
007 
09:55:0 
0 T6 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.00 31.80 0.507 0.001 0.272 n/a 1.096 0.005 1.274 0.052 
09/11/2 
007 
10:30:0 
0 T7 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.06 41.20 0.543 0.001 0.162 n/a 1.111 0.007 1.302 0.008 
09/11/2 
007 
10:30:0 
0 T7 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.06 41.20 0.494 0.001 0.162 n/a 1.103 0.002 1.288 0.040 
09/11/2 
007 
11:08:0 
0 T8 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.35 
168.8 
0 0.443 0.001 0.013 n/a 1.040 0.075 1.289 0.042 
09/11/2 11:08:0 
T8 1 
UHP 
5.8 
Calstock 
500 0.35 168.8 0.450 0.002 0.013 n/a 1.107 0.007 1.284 0.062 
164 
007 0 water Scrape 0 
09/11/2 
007 
11:50:0 
0 T9 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.60 
242.4 
5 0.451 0.006 0.162 n/a 1.159 0.015 1.318 0.030 
09/11/2 
007 
11:50:0 
0 T9 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.60 
242.4 
5 0.460 0.001 0.162 n/a 1.143 0.005 1.294 0.028 
09/11/2 
007 
12:20:0 
0 n o 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.90 
246.9 
0 0.458 0.000 0.186 n/a 1.121 0.007 1.323 0.026 
09/11/2 
007 
12:20:0 
0 T10 1 
UHP 
water 5.8 
Calstock 
Scrape 500 0.90 
246.9 
0 0.470 0.000 0.186 n/a 1.160 0.003 1.316 0.004 
15/11/2 
007 n/a TO 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.00 0.00 0.257 0.000 -0.003 n/a 0.421 0.029 0.256 0.012 
15/11/2 
007 n/a TO 2 
UHP 
water 5.7 
Catstock 
Scrape 500 0.00 0.00 0.221 0.000 -0.003 n/a 0.000 0.000 0.000 0.000 
15/11/2 
007 
11:40:0 
0 T1 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.00 
108.1 
5 3.169 0.001 0.115 n/a 0.815 0.070 1.886 0.161 
15/11/2 
007 
11:40:0 
0 T1 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.00 
108.1 
5 3.113 0.005 0.115 n/a 0.857 0.013 1.586 0.163 
15/11/2 
007 
12:10:0 
0 T2 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.06 
104.6 
0 3.347 0.004 0.115 n/a 0.924 0.000 1.388 0.002 
15/11/2 
007 
12:10:0 
0 T2 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.06 
104.6 
0 3.333 0.002 0.115 n/a 0.780 0.074 1.711 0.030 
15/11/2 
007 
12:45:0 
0 T3 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.35 
175.6 
0 3.393 0.003 0.076 n/a 0.750 0.002 1.278 0.014 
15/11/2 
007 
12:45:0 
0 T3 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.35 
175.6 
0 3.413 0.001 0.076 n/a 0.841 0.029 1.738 0.032 
165 
15/11/2 
007 
13:20:0 
0 T4 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.60 
270.3 
0 2.779 0.003 0.076 n/a 0.623 0.008 1.316 0.016 
15/11/2 
007 
13:20:0 
0 T4 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.60 
270.3 
0 2.711 0.002 0.076 n/a 0.595 0.002 1.288 0.004 
15/11/2 
007 
13:55:0 
0 T5 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.90 
322.4 
0 3.619 0.005 0.084 n/a 0.596 0.007 1.010 0.008 
15/11/2 
007 
13:55:0 
0 T5 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.90 
322.4 
0 3.636 0.002 0.084 n/a 0.533 0.005 1.124 0.038 
16/11/2 
007 
09:45:0 
0 T6 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.00 42.90 3.754 0.001 0.178 n/a 0.439 0.007 0.409 0.042 
16/11/2 
007 
09:45:0 
0 T6 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.00 42.90 3.793 0.001 0.178 n/a 0.427 0.000 0.350 0.010 
16/11/2 
007 
10:15:0 
0 T7 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.06 49.30 3.732 0.005 0.186 n/a 0.427 0.000 0.364 0.030 
16/11/2 
007 
10:15:0 
0 T7 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.06 49.30 3.705 0.001 0.186 n/a 0.431 0.005 0.395 0.002 
16/11/2 
007 
10:50:0 
0 T8 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.35 
201.8 
0 3.673 0.003 0.139 n/a 0.437 0.003 0.411 0.036 
16/11/2 
007 
10:50:0 
0 T8 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.35 
201.8 
0 3.705 0.005 0.139 n/a 0.440 0.002 0.436 0.004 
16/11/2 
007 
11:25:0 
0 T9 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.60 
271.5 
0 3.574 0.005 0.100 n/a 0.443 0.005 0.472 0.048 
16/11/2 
007 
11:25:0 
0 T9 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.60 
271.5 
0 3.683 0.002 0.100 n/a 0.447 0.002 0.443 0.097 
16/11/2 
007 
12:00:0 
0 T10 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.90 
323.6 
0 3.758 0.003 0.147 n/a 0.448 0.000 0.330 0.022 
166 
16/11/2 
007 
12:00:0 
0 T10 2 
UHP 
water 5.7 
Calstock 
Scrape 500 0.90 
323.6 
0 3.787 0.002 0.147 n/a 0.452 0.002 0.627 0.060 
10/01/2 
008 n/a 
M 
Blank 3 ASW 
Calstock 
Scrape 500 N/A 1.103 0.002 
10/01/2 
008 n/a 
F 
Blank 3 ASW 
Calstock 
Scrape 500 N/A 1.188 0.000 
10/01/2 
008 n/a 
F 
Blank 3 ASW 
Calstock 
Scrape 500 N/A 1.150 0.002 
10/01/2 
008 n/a 
F 
Blank 3 ASW 
Catstock 
Scrape 500 N/A 1.214 0.001 
10/01/2 
008 
11:30:0 
0 TO 3 ASW 7.6 
Calstock 
Scrape 500 0.00 0.00 1.444 0.001 1.146 0.017 0.005 0.027 0.003 0.020 
10/01/2 
008 
11:30:0 
0 TO 3 ASW 7.6 
Calstock 
Scrape 500 0.00 0.00 1.475 0.001 1.305 0.008 0.034 0.036 0.003 0.020 
10/01/2 
008 
12:40:0 
0 T1 3 ASW 7.6 
Calstock 
Scrape 500 0.00 36.40 4.768 0.005 0.893 0.041 0.145 0.047 0.302 0.014 
10/01/2 
008 
12:40:0 
0 T1 3 ASW 7.6 
Calstock 
Scrape 500 0.00 36.40 4.724 0.002 0.000 0.000 0.145 0.047 0.302 0.014 
10/01/2 
008 
13:10:0 
0 T2 3 ASW 7.6 
Calstock 
Scrape 500 0.06 42.80 4.832 0.004 1.096 0.013 0.195 0.015 0.231 0.006 
10/01/2 
008 
13:10:0 
0 T2 3 ASW 7.6 
Calstock 
Scrape 500 0.06 42.80 4.852 0.004 0.959 0.043 0.137 0.055 0.231 0.006 
10/01/2 
008 
13:40:0 
0 T3 3 ASW 7.6 
Calstock 
Scrape 500 0.35 
185.3 
0 5.010 0.002 0.076 0.088 0.364 0.006 0.310 0.040 
10/01/2 
008 
13:40:0 
0 T3 3 ASW 7.6 
Calstock 
Scrape 500 0.35 
185.3 
0 4.915 0.003 0.103 0.030 0.255 0.002 0.310 0.040 
167 
10/01/2 
008 
14:10:0 
0 T4 3 ASW 7.6 
Calstock 
Scrape 500 0.60 
273.4 
0 4.847 0.007 0.136 0.051 0.364 0.039 0.423 0.015 
10/01/2 
008 
14:10:0 
0 T4 3 ASW 7.6 
Calstock 
Scrape 500 0.60 
273.4 
0 4.938 0.003 0.130 0.005 0.398 0.010 0.423 0.015 
10/01/2 
008 
14:40:0 
0 T5 3 ASW 7.6 
Calstock 
Scrape 500 0.90 
350.0 
0 4.996 0.001 0.128 0.030 0.355 0.088 0.464 0.019 
10/01/2 
008 
14:40:0 
0 T5 3 ASW 7.6 
Calstock 
Scrape 500 0.90 
350.0 
0 4.990 0.004 0.086 0.022 0.374 0.038 0.464 0.019 
11/01/2 
008 
11:45:0 
0 T6 3 ASW 7.6 
Calstock 
Scrape 500 0.00 14.00 5.470 0.003 0.054 0.036 0.441 0.005 0.593 0.018 
11/01/2 
008 
11:45:0 
0 T6 3 ASW 7.6 
Calstock 
Scrape 500 0.00 14.00 5.472 0.003 0.078 0.008 0.405 0.040 0.593 0.018 
11/01/2 
008 
12:15:0 
0 T7 3 ASW 7.6 
Calstock 
Scrape 500 0.06 21.65 5.158 0.003 0.076 0.013 0.520 0.021 0.643 0.010 
11/01/2 
008 
12:15:0 
0 T7 3 ASW 7.6 
Calstock 
Scrape 500 0.06 21.65 5.158 0.001 0.092 0.005 0.561 0.007 0.643 0.010 
11/01/2 
008 
12:50:0 
0 T8 3 ASW 7.6 
Calstock 
Scrape 500 0.35 
218.0 
5 5.174 0.003 0.084 0.017 0.565 0.032 0.657 0.016 
15/01/2 
008 n/a 
M 
Blank 4 ASW 
Calstock 
Scrape 500 N/A 1.076 0.001 
15/01/2 
008 n/a 
F 
Blank 4 ASW 
Calstock 
Scrape 500 N/A 1.201 0.001 
15/01/2 
008 n/a 
F 
Blank 4 ASW 
Calstock 
Scrape 500 N/A 1.133 0.001 
15/01/2 
008 n/a 
F 
Blank 4 ASW 
Catstock 
Scrape 500 N/A 1.107 0.001 
168 
15/01/2 
008 
14:00:0 
0 TO 4 ASW 7.8 
Calstock 
Scrape 500 0.00 0.00 1.315 0.001 0.190 0.020 1.123 0.035 1.010 0.008 
15/01/2 
008 
14:00:0 
0 TO 4 ASW 7.8 
Calstock 
Scrape 500 0.00 0.00 1.326 0.001 0.202 0.015 1.102 0.014 1.010 0.008 
15/01/2 
008 
15:00:0 
0 T1 4 ASW 7.8 
Calstock 
Scrape 500 0.00 88.75 5.372 0.003 0.214 0.004 1.382 0.021 1.406 0.006 
15/01/2 
008 
15:00:0 
0 T1 4 ASW 7.8 
Calstock 
Scrape 500 0.00 88.75 5.235 0.003 0.239 0.028 1.417 0.010 1.406 0.006 
15/01/2 
008 
15:30:0 
0 T2 4 ASW 7.8 
Calstock 
Scrape 500 0.06 69.95 5.285 0.005 0.219 0.022 1.438 0.010 1.479 0.009 
15/01/2 
008 
15:30:0 
0 T2 4 ASW 7.8 
Calstock 
Scrape 500 0.06 69.95 5.252 0.006 0.224 0.033 1.436 0.009 1.479 0.009 
15/01/2 
008 
16:00:0 
0 T3 4 ASW 7.8 
Calstock 
Scrape 500 0.35 
149.0 
5 5.207 0.003 0.204 0.007 1.887 0.009 1.814 0.034 
15/01/2 
008 
16:00:0 
0 T3 4 ASW 7.8 
Calstock 
Scrape 500 0.35 
149.0 
5 5.236 0.004 0.194 0.024 1.839 0.003 1.814 0.034 
15/01/2 
008 
16:30:0 
0 T4 4 ASW 7.8 
Calstock 
Scrape 500 0.60 
314.8 
5 5.304 0.009 0.185 0.004 1.713 0.009 1.761 0.021 
15/01/2 
008 
16:30:0 
0 T4 4 ASW 7.8 
Calstock 
Scrape 500 0.60 
314.8 
5 5.442 0.003 0.173 0.025 1.727 0.016 1.761 0.021 
15/01/2 
008 
17:00:0 
0 T5 4 ASW 7.8 
Calstock 
Scrape 500 0.90 
372.4 
0 5.269 0.004 0.168 0.015 1.805 0.006 1.895 0.011 
15/01/2 
008 
17:00:0 
0 T5 4 ASW 7.8 
Calstock 
Scrape 500 0.90 
372.4 
0 5.342 0.004 0.194 0.004 1.797 0.022 1.895 0.011 
16/01/2 
008 
10:45:0 
0 T6 4 ASW 7.8 
Calstock 
Scrape 500 0.00 0.00 5.264 0.008 0.109 0.041 1.826 0.016 1.987 0.008 
16/01/2 10:45:0 
T6 4 ASW 7.8 
Calstock 
500 0.00 0.00 5.264 0.008 0.163 0.024 1.859 0.019 1.987 0.008 
169 
008 0 Scrape 
16/01/2 
008 
11:15:0 
0 T7 4 ASW 7.8 
Calstock 
Scrape 500 0.06 41.05 5.370 0.006 0.204 0.000 2.014 0.007 2.181 0.007 
16/01/2 
008 
11:15:0 
0 T7 4 ASW 7.8 
Calstock 
Scrape 500 0.06 41.05 5.361 0.004 0.219 0.059 2.015 0.008 2.181 0.007 
16/01/2 
008 
11:48:0 
0 T8 4 ASW 7.8 
Calstock 
Scrape 500 0.35 
171.2 
5 5.412 0.001 0.241 0.039 2.076 0.029 2.187 0.012 
16/01/2 
008 
11:48:0 
0 T8 4 ASW 7.8 
Calstock 
Scrape 500 0.35 
171.2 
5 5.493 0.004 0.276 0.015 2.087 0.017 2.187 0.012 
16/01/2 
008 
12:19:0 
0 T9 4 ASW 7.8 
Calstock 
Scrape 500 0.60 
318.9 
5 5.393 0.005 0.153 0.060 2.114 0.010 2.262 0.002 
16/01/2 
008 
12:19:0 
0 T9 4 ASW 7.8 
Calstock 
Scrape 500 0.60 
318.9 
5 5.404 0.001 0.133 0.026 2.098 0.014 2.262 0.002 
16/01/2 
008 
12:50:0 
0 T10 4 ASW 7.8 
Calstock 
Scrape 500 0.90 
348.6 
5 5.549 0.004 0.185 0.019 2.153 0.012 2.370 0.015 
16/01/2 
008 
12:50:0 
0 T10 4 ASW 7.8 
Calstock 
Scrape 500 0.90 
348.6 
5 5.583 0.005 0.194 0.069 2.175 0.011 2.370 0.015 
21/01/2 
008 n/a 
M 
Blank 5 
UHP 
water 
Gunnis. 
SPM (S2) 500 N/A 0.046 0.002 
21/01/2 
008 n/a 
F 
Blank 5 
UHP 
vkfater 
Gunnis. 
SPM (S2) 500 N/A 0.091 0.000 
21/01/2 
008 n/a 
F 
Blank 5 
UHP 
water 
Gunnis. 
SPM (S2) 500 N/A 0.041 0.000 
21/01/2 
008 n/a 
F 
Blank 5 
UHP 
water 
Gunnis. 
SPM (S2) 500 N/A 0.083 0.000 
170 
21/01/2 
008 
13:00:0 
0 TO 5 
UHP 
water 5.7 
Gunnls. 
SPM (S2) 500 0.00 0.00 0.258 0.000 -0.001 0.010 0.008 0.004 0.034 0.004 
21/01/2 
008 
13:00:0 
0 TO 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.00 0.00 0.148 0.000 0.038 0.054 0.003 0.004 0.041 0.003 
21/01/2 
008 
14:17:0 
0 T1 5 
UHP 
water 5.7 
Gunnls. 
SPM (S2) 500 0.00 38.60 2.762 0.004 0.094 0.026 0.371 0.007 0.523 0.005 
21/01/2 
008 
14:17:0 
0 T1 5 
UHP 
water 5.7 
Gunnls. 
SPM (S2) 500 0.00 38.60 2.989 0.005 0.141 0.013 0.392 0.003 0.538 0.003 
21/01/2 
008 
14:55:0 
0 T2 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.06 62.85 3.302 0.002 0.166 0.013 0.511 0.002 0.697 0.003 
21/01/2 
008 
14:55:0 
0 T2 5 
UHP 
water 5.7 
Gunnls. 
SPM (S2) 500 0.06 62.85 3.293 0.000 0.147 0.017 0.512 0.006 0.709 0.002 
21/01/2 
008 
15:25:0 
0 T3 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.35 
224.4 
5 3.475 0.004 0.168 0.008 0.714 0.002 0.934 0.008 
21/01/2 
008 
15:25:0 
0 T3 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.35 
224.4 
5 3.382 0.003 0.177 0.017 0.731 0.003 0.937 0.010 
21/01/2 
008 
15:55:0 
0 T4 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.60 
292.5 
5 3.528 0.004 0.175 0.061 0.893 0.004 1.136 0.003 
21/01/2 
008 
15:55:0 
0 T4 5 
UHP 
water 5.7 
Gunnls. 
SPM (S2) 500 0.60 
292.5 
5 3.492 0.002 0.149 0.034 0.885 0.003 1.147 0.007 
21/01/2 
008 
16:40:0 
0 T5 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.90 
353.2 
0 3.062 0.001 0.161 0.026 0.983 0.003 1.279 0.016 
21/01/2 
008 
16:40:0 
0 T5 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.90 
353.2 
0 3.019 0.002 0.149 0.017 0.994 0.002 1.512 0.004 
22/01/2 
008 
14:00:0 
0 T6 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.00 26.45 3.716 0.007 0.027 0.013 0.878 0.014 1.261 0.003 
22/01/2 14:00:0 
T6 5 
UHP 
5.7 
Gunnis. 
500 0.00 26.45 3.745 0.003 0.049 0.005 0.896 0.006 1.274 0.016 
171 
008 0 water SPM (S2) 
22/01/2 
008 
14:30:0 
0 T7 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.06 27.65 3.824 0.006 0.124 0.026 0.937 0.008 1.288 0.010 
22/01/2 
008 
14:30:0 
0 T7 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.06 27.65 3.725 0.002 0.174 0.014 0.980 0.008 1.268 0.003 
22/01/2 
008 
15:00:0 
0 T8 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.35 
203.7 
0 3.590 0.004 0.099 0.021 1.008 0.003 1.316 0.006 
22/01/2 
008 
15:00:0 
0 T8 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.35 
203.7 
0 3.651 0.004 0.069 0.013 1.022 0.008 1.319 0.008 
22/01/2 
008 
15:30:0 
0 T9 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.60 
224.6 
0 3.490 0.004 0.083 0.021 1.064 0.003 1.382 0.007 
22/01/2 
008 
15:30:0 
0 T9 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.60 
224.6 
0 3.258 0.002 0.083 0.010 1.079 0.012 1.382 0.007 
22/01/2 
008 
16:05:0 
0 T10 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.90 
345.0 
0 3.339 0.001 0.046 0.051 1.112 0.010 1.382 0.004 
22/01/2 
008 
16:05:0 
0 T10 5 
UHP 
water 5.7 
Gunnis. 
SPM (S2) 500 0.90 
345.0 
0 3.395 0.003 0.183 0.017 1.129 0.008 1.414 0.003 
24/01/2 
008 n/a 
M 
Blank 6 ASW 
Gunnis. 
SPM (S2) 500 N/A 0.869 0.001 
24/01/2 
008 n/a 
F 
Blank 6 ASW 
Gunnis. 
SPM (S2) 500 N/A 0.958 0.001 
24/01/2 
008 n/a 
F 
Blank 6 ASW 
Gunnis. 
SPM (S2) 500 N/A 0.932 0.002 
24/01/2 
008 n/a 
F 
Blank 6 ASW 
Gunnis. 
SPM (S2) 500 N/A 0.903 0.001 
172 
24/01/2 
008 
10:00:0 
0 TO 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.00 0.00 1.491 0.001 0.220 0.066 1.206 0.011 2.053 0.018 
24/01/2 
008 
10:00:0 
0 TO 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.00 0.00 1.421 0.003 0.146 0.078 1.222 0.010 2.126 0.010 
24/01/2 
008 
11:10:0 
0 T1 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.00 51.25 5.354 0.007 0.178 0.053 1.330 0.003 2.489 0.008 
24/01/2 
008 
11:10:0 
0 T1 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.00 51.25 5.429 0.007 0.345 0.064 1.358 0.007 2.415 0.012 
24/01/2 
008 
11:45:0 
0 T2 6 ASW 8.0 
Gunnis. 
SPM {S2) 500 0.06 64.15 5.431 0.008 0.244 0.047 1.394 0.019 2.605 0.004 
24/01/2 
008 
11:45:0 
0 T2 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.06 64.15 5.392 0.006 0.239 0.068 1.451 0.017 2.605 0.004 
24/01/2 
008 
12:20:0 
0 T3 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.35 
237.5 
0 5.548 0.010 0.167 0.096 1.566 0.016 2.750 0.034 
24/01/2 
008 
12:20:0 
0 T3 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.35 
237.5 
0 5.596 0.009 0.189 0.053 1.615 0.014 2.829 0.012 
24/01/2 
008 
12:56:0 
0 T4 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.60 
322.8 
0 5.741 0.014 0.367 0.125 1.751 0.019 3.068 0.007 
24/01/2 
008 
12:56:0 
0 T4 6 ASW 8.0 
Gunnis. 
SPM {S2) 500 0.60 
322.8 
0 5.814 0.022 0.292 0.036 1.815 0.020 3.114 0.017 
24/01/2 
008 
13:28:0 
0 T5 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.90 
393.8 
5 5.915 0.002 0.284 0.040 1.888 0.015 3.152 0.030 
24/01/2 
008 
13:28:0 
0 T5 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.90 
393.8 
5 5.819 0.007 0.226 0.077 1.954 0.026 3.210 0.014 
25/01/2 
008 
10:20:0 
0 T6 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.00 20.20 6.419 0.008 0.252 0.059 2.021 0.009 3.358 0.013 
25/01/2 10:20:0 
T6 6 ASW 8.0 
Gunnis. 
500 0.00 20.20 6.459 0.002 0.154 0.044 2.043 0.003 3.230 0.016 
173 
008 0 SPM (S2) 
25/01/2 
008 
11:05:0 
0 T7 6 ASW 8.0 
Gunnls. 
SPM (32) 500 0.06 45.40 6.558 0.003 0.220 0.082 2.068 0.003 3.386 0.004 
25/01/2 
008 
11:05:0 
0 T7 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.06 45.40 6.635 0.001 0.319 0.134 2.069 0.010 3.347 0.019 
25/01/2 
008 
11:35:0 
0 T8 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.35 
242.5 
5 6.635 0.015 0.335 0.052 2.107 0.007 3.401 0.019 
25/01/2 
008 
11:35:0 
0 T8 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.35 
242.5 
5 6.582 0.007 0.359 0.091 2.106 0.010 3.451 0.012 
25/01/2 
008 
12:05:0 
0 T9 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.60 
319.6 
0 6.756 0.004 0.351 0.037 2.138 0.010 3.464 0.015 
25/01/2 
008 
12:05:0 
0 T9 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.60 
319.6 
0 6.704 0.002 0.308 0.061 2.128 0.008 3.598 0.012 
25/01/2 
008 
12:40:0 
0 T10 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.90 
395.2 
0 6.797 0.012 0.263 0.100 2.145 0.003 3.507 0.006 
25/01/2 
008 
12:40:0 
0 T10 6 ASW 8.0 
Gunnis. 
SPM (S2) 500 0.90 
395.2 
0 6.918 0.006 0.300 0.020 2.133 0.002 3.431 0.011 
20/02/2 
008 ANDY T4 7 
UHP 
water 7.1 
Gunnis. 
SPM (S2) 500 0.60 
282.8 
0 2.39 0.001 
252.8 
9 
19.00 
5 0.90 0.003 1.53 0.011 
20/02/2 
008 ANDY T4 7 
UHP 
water 7.1 
Gunnis. 
SPM (S2) 500 0.60 
282.8 
0 2.39 0.001 
262.0 
0 6.279 0.87 0.001 1.54 0.011 
20/02/2 
008 ANDY T5 7 
UHP 
water 7.1 
Gunnis. 
SPM (S2) 500 0.90 
358.0 
0 2.45 0.001 
268.0 
2 
19.74 
7 0.93 0.003 1.57 0.012 
20/02/2 
008 ANDY T5 7 
UHP 
water 7.1 
Gunnis. 
SPM (S2) 500 0.90 
358.0 
0 2.45 0.000 
258.9 
2 
17.20 
9 0.97 0.003 1.70 0.014 
174 
21/02/2 
008 ANDY T6 
21/02/2 
008 ANDY T6 
UHP 
7 water 
UHP 
7 water 
Gunnis. 247.1 
7.1 SPM(S2) 500 0.00 12.25 3.12 0.000 0 
Gunnis. 249.2 
7.1 SPM(S2) 500 0.00 12.25 3.17 0.001 8 
6.492 0.94 0.016 1.41 0.003 
5.356 0.93 0.004 1.40 0.001 
21/02/2 
008 ANDY T7 
UHP Gunnis. 
7 water 7.1 SPM{S2) 500 0.06 35.50 3.17 0.008 
240.9 
1 7.273 0.94 0.007 1.43 0.010 
21/02/2 
008 ANDY T7 
UHP Gunnis. 
7 water 7.1 SPM(S2) 500 0.06 35.50 3.17 0.001 
250.8 
2 2.223 0.95 0.005 1.47 0.004 
21/02/2 
008 ANDY T8 
UHP Gunnis. 215.1 
7 water 7.1 SPIV1(S2) 500 0.35 0 3.48 0.001 
251.9 
3 7.467 0.94 0.007 1.44 0.024 
21/02/2 
008 ANDY T8 
UHP Gunnis. 215.1 
7 water 7.1 SPM(S2) 500 0.35 0 3.48 0.001 
254.5 
5 
17.34 
2 0.96 0.003 1.44 0.024 
21/02/2 
008 ANDY T9 
UHP Gunnis. 286.0 
7 water 7.1 SPM(S2) 500 0.60 0 3.59 0.002 
246.5 
6 2.049 0.94 0.004 1.41 0.008 
21/02/2 
008 ANDY T9 
21/02/2 
008 ANDY T10 
21/02/2 
008 ANDY T10 
UHP 
7 water 
UHP 
7 water 
UHP 
7 water 
Gunnis. 286.0 
7.1 SPM(S2) 500 0.60 0 3.67 0.001 
Gunnis. 349.0 
7.1 SPM(S2) 500 0.90 0 3.68 0.001 
Gunnis. 349.0 
7.1 SPM{S2) 500 0.90 0 3.67 0.001 
246.7 
1 
246.0 
2 
240.1 
8 
8.698 0.96 0.005 1.36 0.008 
8.122 0.95 0.009 
8.279 0.94 0.007 
1.41 0.006 
1.44 0.001 
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Table of DIP and DOP (pg L'^ ) released from 0.5 g L'^  Calstock sediment from E1 experiment (Fig 4.8b and c) 
Sample 
sequence 
E l DIP 
nxpg 
PU' ) 
E1 DIP 
(2)(Mg 
PL*') 
S.d.(1) s.d.(2) 
TDP 
(i)(Mg 
P L ' ) 
TDP 
(2)(Mg 
P L ' ) 
S.d(1) s.d(2) DOP s.d 
DOP 
(i)(Mg 
P L ' ) 
DOP 
(2)(Mg 
P L ' ) 
DIP 
(El) 
(MgP 
L-') 
DIP 
(E2) 
(MflP 
L') 
DIPdjg 
P L ' ) 
DOP 
(El) 
(ngP 
L ' ) 
DOP 
(E2) 
(pgp 
DOP(Li 
g p n 
0 0.52 0.63 0.10 0.05 2.70 3.18 1.23 0.68 1.24 2.18 2.56 0.57 3.32 1.95 2.37 4.09 3.23 
1 22.39 27.22 2.99 0.20 28.16 30.47 1.85 1.05 3.51 5.77 3.25 24.80 25.91 25.36 4.51 2.90 3.71 
2 27.26 27.90 0.05 0.15 30.56 32.13 0.18 2.90 0.19 3.30 4.23 27.58 28.41 28.00 3.76 4.62 4.19 
3 29.51 31.66 1.82 0.10 34.18 35.88 0.37 3.27 1.86 4.66 4.21 30.59 30.16 30.37 4.44 5.09 4.76 
4 33.49 34.99 0.25 0.25 39.19 39.49 1.42 0.49 1.44 5.70 4.50 34.24 34.38 34.31 5.10 4.49 4.80 
5 37.00 37.93 0.15 0.05 41.30 41.83 0.43 0.31 0.46 4.30 3.90 37.46 33.50 35.48 4.10 3.07 3.58 
6 33.56 33.99 0.05 0.15 39.80 39.49 0.06 1.60 0.08 6.24 5.50 33.78 30.43 32.10 5.87 2.84 4.35 
7 34.46 34.20 0.20 0.05 40.37 39.93 0.25 1.23 0.32 5.91 5.72 34.33 33.31 33.82 5.82 -0.04 2.89 
8 32.23 34.31 2.33 0.20 39.97 39.80 1.29 1.91 2.67 7.74 5.49 33.27 34.09 33.68 6.61 2.53 4.57 
9 35.92 35.42 0.46 0.15 40.84 40.10 0.92 0.86 1.03 4.92 4.68 35.67 36.29 35.98 4.80 3.40 4.10 
10 34.74 35.96 0.20 0.10 41.02 40.80 0.80 0.12 0.83 6.28 4.84 35.35 36.45 35.90 5.56 3.39 4.48 
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Table of DIP and DOP (pg L'^ ) released from 0.5 g L'^  Calstock sediment from E2 experiment (Fig 4.8b and c) 
Sample 
sequence 
DiP(i)(MgP DIP(2)(MgP S.d.(1) s.d.(2) TDP(1)(Mg P L ' ) 
TDP(2)(Mg TOP s.d (1) TOP s.d (2) DOP s.d DOPmiMg p r ) 
D0P(2)(Mg 
PL^) 
0 3.04 3.61 0.91 7.93 6.90 0.37 0.98 4.90 3.29 
1 25.25 26.58 2.18 0.41 28.46 29.17 4.99 5.06 5.45 3.21 2.59 
2 28.65 28.18 0.00 2.28 33.02 33.05 0.06 0.92 0.06 4.37 4.87 
3 30.24 30.07 0.05 0.91 34.62 35.88 0.43 0.99 0.43 4.38 5.80 
4 34.31 34.45 0.25 0.05 37.80 39.93 0.49 0.12 0.55 3.50 5.48 
5 33.48 33.51 0.20 0.15 36.30 36.83 0.25 1.17 0.32 2.82 3.32 
6 30.61 30.25 0.20 0.00 32.68 33.85 1.29 0.31 1.31 2.07 3.60 
7 33.25 33.36 0.00 0.15 34.29 32.25 0.92 0.06 0.92 1.04 -1.11 
8 34.54 33.65 0.10 0.05 36.73 36.51 1.11 0.12 1.11 2.19 2.87 
9 36.72 35.86 0.15 0.05 39.65 39.73 1.48 3.02 1.49 2.93 3.87 
10 36.90 36.00 0.00 0.05 40.24 39.44 0.68 1.85 0.68 3.35 3.44 
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Table of DIP and DOP (pg L'^ ) released from 0.5 g L'^  Calstock sediment from E3 experiment (Fig 4.8e and f). 
Sample 
sequence 
DIP(1) 
(M9PL-*) 
DIP (2) 
(Mg P L-') 
8.d1 8.d.2 TDP(jjg P s.d DOP s.d DOP{ug PL'*) 
DIP(E3) 
(pg P L-^ ) 
DIP(E4) 
(pg P L-^ ) 
DiP(Mg P D0P{E3) 
(pgPL-^) 
D0P(E4) 
(ng p n 
DOP(ijg 
P r ) 
0 31.16 32.05 0.85 1.10 72.08 0.63 1.06 40.92 31.61 34.48 33.04 40.92 35.50 38.21 
1 35.50 31.00 1.45 81.37 0.42 1.51 45.87 33.25 43,39 38.32 45.87 39.76 42.82 
2 37.06 35.25 0.45 1.70 79.16 0.19 0.49 42.10 36.16 44.54 40.35 42.10 40.27 41.19 
3 42.27 38.92 0.20 0.07 81.61 1.24 1.26 39.34 40.60 57.76 49.18 39.34 36.74 38.04 
4 42.29 43.34 1.20 0.31 85.11 0.47 1.29 42.82 42.82 53.33 48.07 42.82 40.48 41.65 
5 42.00 42.58 2.72 1.16 86.39 0.58 2.78 44.39 42.29 55.83 49.06 44.39 41.79 43.09 
6 44.67 43.54 0.15 1.23 90.39 0.55 0.57 45.72 44.11 57.11 50.61 45.72 43.98 44.85 
7 47.13 48.39 0.65 0.22 91.92 0.32 0.73 44.79 47.76 62.45 55.11 44.79 44.20 44.49 
8 48.50 48.67 0.99 0.67 92.37 0.50 1.11 43.87 48.59 64.53 56.56 43.87 42.43 43.15 
9 51.90 52.60 0.71 1.01 90.81 0.45 0.84 38.91 52.25 65.29 58.77 38.91 43.58 41.25 
10 53.25 53.25 1.49 1.49 96.43 0.81 1.70 43.18 53.25 67.09 60.17 43.18 45.72 44.45 
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Table of DIP and DOP (pg L'^ ) released from 0.5 g L'^  Calstock sediment from E4 experiment (Fig 4.8e and f). 
Sample sequence DlP(l)(MgPO DIP(2)(MgPL-') s.d.(l) s.d. (2) TDP(Mg P L-') s.d DOP s.d DOP(Mg P L ') 
0 34.80 34.15 1.09 0.43 70.30 0.01 0.43 35.50 
1 42.84 43.93 0.66 0.30 82.60 0.02 0.30 39.76 
2 44.57 44.51 0.30 0.28 84.84 0.26 0.38 40.27 
3 58.49 57.02 0.28 0.11 95.23 0.19 0.22 36.74 
4 53.11 53.54 0.28 0.48 93.59 0.27 0.55 40.48 
5 55.95 55.71 0.19 0.67 97.74 1.07 1.26 41.79 
6 56.60 57.62 0.48 0.58 100.58 0.66 0.88 43.98 
7 62.42 62.48 0.21 0.23 106.62 0.34 0.41 44.20 
8 64.36 64.70 0.91 0.53 106.79 0.26 0.59 42.43 
9 65.54 65.04 0.30 0.43 109.12 0.21 0.47 43.58 
10 66.75 67.43 0.37 0.35 112.47 0.37 0.51 45.72 
179 
Appendix H 
Table of DIP and DOP (pg L'^ ) released from 0.5 g L'^  Calstock sediment from E5 experiment (Fig 4.9b and c). 
Sample 
sequence 
DIP (1) 
(Mg P L-') 
DIP (2) 
(Mg P L-') 
s.d.(l) s.d. (2) TDP (1] 
(pg P L-^ ) 
TDP (2] 
( p g P n 
TDP s.d 
(1) 
TDP s.d. 
(2) DOP s.d 
DOP (1) 
(pg P L*) 
DOP (21 
(pg P L-*) 
DOP(ug 
Pf^ ) s.d 
DlP(Mg P 
L') 
0 0.26 0.08 0.14 0.14 1.06 1.26 0.13 0.09 0.19 0.80 1.18 0.99 0.27 0.17 
1 11.50 12.15 0.22 0.09 16.20 16.69 0.15 0.10 0.27 4.70 4.54 4.62 0.11 11.82 
2 15.85 15.88 0.05 0.18 21.61 21.98 0.09 0.05 0.10 5.76 6.10 5.93 0.24 15.87 
3 22.14 22.65 0.05 0.09 28.96 29.05 0.26 0.30 0.27 6.82 6.40 6.61 0.29 22.39 
4 27.69 27.45 0.14 0.09 35.23 35.57 0.10 0.22 0.17 7.54 8.12 7.83 0.41 27.57 
5 30.47 30.80 0.09 0.05 39.66 41.87 0.50 0.13 0.51 9.19 11.07 10.13 1.33 30.64 
6 27.21 27.78 0.45 0.19 39.09 39.49 0.10 0.49 0.46 11.88 11.71 11.80 0.12 27.49 
7 29.05 30.39 0.24 0.24 39.92 39.32 0.30 0.10 0.38 10.87 8.93 9.90 1.37 29.72 
8 31.25 31.69 0.10 0.26 40.81 40.89 0.18 0.26 0.21 9.56 9.20 9.38 0.26 31.47 
9 33.00 33.44 0.10 0.36 42.84 42.84 0.22 0.22 0.24 9.84 9.40 9.62 0.31 33.22 
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Table of DIP and DOP (pg L'^ ) released from 0.5 g L'^  Calstock sediment from E6 experiment (Fig 4.9e and f). 
Sample 
sequence 
DIP (1) 
(pg p L' ) 
DIP (2) 
(pg P L-') s.d. (1) s.d.(2) 
TDP (1) 
(pg P L*^ ) 
TDP (2) 
(pg P L-^ ) TDP s.d (1) TDP s.d (2) DOP s.d 
DOP (1) 
(pgpn 
DOP (2) 
(pgPn 
DlP(Mg P DOP(ug 
PL-*) 
0 37.37 37.90 0.35 0.30 63.65 65.90 0.55 0.32 0.47 26.28 28.00 37.64 27.14 
1 41.23 42.08 0.09 0.20 77.15 76.87 0.25 0.37 0.39 35.92 34.79 41.66 35.36 
2 43.21 44.97 0.59 0.52 80.75 80.75 0.11 0.11 0.60 37.54 35.78 44.09 36.66 
3 48.54 50.07 0.50 0.44 85.24 87.71 1.04 0.36 0.62 36.70 37.65 49.30 37.17 
4 54.29 56.27 0.59 0.61 95.11 96.52 0.23 0.52 0.79 40.81 40.26 55.28 40.53 
5 58.54 60.67 0.47 0.80 97.71 99.50 0.94 0.43 0.64 39.18 38.92 59.55 39.05 
6 62.66 63.32 0.27 0.09 104.08 100.12 0.41 0.51 0.58 41.42 36.80 62.99 39.11 
7 64.12 64.14 0.09 0.30 104.97 103.75 0.11 0.60 0.61 40.86 39.62 64.13 40.24 
8 65.32 65.30 0.21 0.32 105.44 106.99 0.59 0.37 0.43 40.12 41.69 65.31 40.90 
9 66.29 65.96 0.30 0.23 107.38 111.54 0.47 0.37 0.48 41.09 45.58 66.12 43.34 
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Table of DIP and DOP (pg L'^ ) released from 0.5 g L'^  Calstock sediment from E7 experiment (Fig 4.10b and c) 
Sample 
sequence 
DlP(l)(pgP 
L') 
DIP (2) (MgP 
L') S.d.(1) 8.d.(2) 
TDP(1j(Mg 
PL-^) 
TDP(21(Mg 
PL^) TDP s.d (1) TDP 8.d (2) DOP s.d 
D0P(1)(Mg 
PL*^) 
D0P(2)(Mg 
PL*^) 
0 21.78 21.65 0.64 0.04 37.82 36.98 0.39 0.09 0.09 16.04 15.33 
1 21.38 20.95 0.05 0.06 43.86 44.01 0.00 0.13 0.14 22.48 23.06 
2 22.43 21.52 0.02 0.31 45.70 44.80 0.30 0.04 0.32 23.27 23.28 
3 22.71 23.19 0.54 0.05 45.47 45.03 0.17 0.51 0.51 22.77 21.84 
4 24.03 23.11 0.09 0.05 45.56 45.71 0.34 0.34 0.34 21.53 22.60 
5 24.95 26.15 0.08 0.11 45.58 45.76 0.38 0.44 0.45 20.64 19.60 
6 25.07 24.95 0.49 0.12 43.76 43.31 0.09 0.04 0.13 18.69 18.37 
7 25.29 25.49 0.23 0.15 44.28 45.42 0.31 0.13 0.20 18.99 19.93 
8 25.14 25.66 0.21 0.08 44.70 44.70 0.75 0.75 0.76 19.56 19.04 
9 25.07 25.70 0.12 0.14 43.74 42.14 0.24 0.26 0.29 18.67 16.44 
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Table of DIP and DOP concentrations during short term and long term equilibration experiments in UHP water (Fig 5.2a and d) 
h 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 24 48 72 
DIP 0.94 1.23 8.12 6.66 10.15 14.14 18.87 21.11 27.75 29.41 33.73 36.81 91.22 102.85 
(Mg P L-') 0.60 3.80 9.70 7.41 10.48 14.22 18.79 21.36 28.75 29.16 32.57 40.51 90.79 103.14 
0.52 4.05 2.11 7.66 10.48 14.22 18.62 21.03 29.33 28.58 32.81 41.79 90.58 101.86 
0.44 2.51 3.18 7.00 10.98 15.96 20.36 21.06 26.34 31.40 36.30 52.76 97.41 106.10 
0.44 2.02 2.18 7.00 10.98 16.13 19.62 20.65 26.59 31.57 36.55 53.40 97.77 105.89 
average 0.60 1.60 2.35 6.91 10.90 15.88 20.11 20.32 26.26 31.57 35.97 52.62 98.20 105.11 
s.d 0.59 2.54 4.61 7.11 10.66 15.09 19.39 20.92 27.50 30.28 34.65 46.31 94.33 104.16 
TDP 3.30 13.87 21.28 32.79 39.51 48.56 53.54 52.15 46.21 48.56 51.19 115.09 145.32 152.15 
2.38 15.01 23.20 36.14 39.51 50.20 53.26 50.23 46.14 48.13 50.69 109.64 144.64 152.91 
(M9PU-') 1.81 16.01 23.92 37.77 39.94 50.41 54.04 46.01 45.92 48.27 50.05 109.33 144.79 153.44 
2.02 15.80 27.26 40.58 44.43 53.04 55.18 54.33 51.62 54.33 51.83 129.49 134.64 168.35 
1.59 15.80 28.40 39.51 44.36 52.76 54.11 56.39 52.83 54.40 52.69 128.73 134.87 170.02 
1.38 15.80 28.40 40.65 44.43 52.76 54.90 56.61 52.12 53.40 52.33 128.12 136.23 169.34 
average 2.08 15.38 25.41 37.91 42.03 51.29 54.17 52.62 49.14 51.18 51.47 120.07 140.08 161.03 
s.d 0.69 0.82 3.02 3.05 2.61 1.84 0.75 4.07 3.37 3.16 1.00 9.77 5.33 9.01 
DOP 2.37 12.64 13.16 26.12 29.36 34.42 34.68 31.04 18.46 19.15 17.47 78.29 54.10 49.29 
(ng P L') 1.77 11.21 13.51 28.72 29.03 35.98 34.47 28.87 17.39 18.97 18.13 69.13 53.85 49.77 
1.29 11.96 21.80 30.11 29.46 36.19 35.42 24.98 16.59 19.69 17.24 67.54 54.21 51.58 
1.58 13.28 24.08 33.58 33.45 37.08 34.82 33.26 25.28 22.92 15.53 76.73 37.22 62.25 
1.16 13,78 26.22 32.52 33.37 36.63 34.50 35.74 26.24 22.83 16.14 75.33 37.10 64.13 
0.78 14.20 26.05 33.74 33.53 36.88 34.78 36.29 25.86 21.83 16.36 75.51 38.03 64.23 
average 1.49 12.84 20.80 30.80 31.37 36.20 34.78 31.70 21.64 20.90 16.81 73.75 45.75 56.88 
s.d 0.55 1.13 6.01 3.03 2.29 0.96 0.35 4.32 4.60 1.84 0.96 4.36 9.10 7.37 
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Table of DIP and DOP concentrations during short term and long term equilibration experiments in biotic river water (Fig 5.2b and e). 
DIP 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 24 48 72 
( p g P L ' ) 49.51 9.49 2.93 2.35 3.31 3.51 6.83 6.00 12.31 16.54 18.62 26.41 36.17 36.66 
50.09 8.91 2.35 1.93 4.55 3.26 7.08 5.92 12.39 16.54 18.29 28.83 36.52 36.95 
50.09 8.49 2.27 1.93 4.88 3.26 7.00 5.83 12.31 16.79 18.20 30.04 37.87 37.02 
49.51 11.06 4.17 3.18 7.25 5.09 8.33 12.39 12.39 19.86 19.08 37.09 38.59 47.20 
50.09 10.98 4.26 3.34 7.25 5.17 8.41 12.97 12.31 19.95 19.74 38.16 37.59 49.27 
50.09 10.90 4.09 3.43 7.00 5.34 8.41 12.97 12.23 19.95 20.08 38.16 36.81 48.13 
average 49.89 9.97 3.34 2.69 5.71 4.27 7.67 9.35 12.32 18.27 19.00 33.11 37.26 42.54 
s.d 0.30 1.15 0.94 0.70 1.68 1.02 0.78 3.77 0.06 1.81 0.77 5.28 0.92 6.24 
TDP 71.62 48.91 43.36 40.30 40.69 48.91 44.78 41.51 41.86 41.36 44.51 109.33 117.21 115.62 
(pg P L') 71.42 46.07 43.15 40.87 45.96 45.99 44.36 41.93 41.51 40.58 46.08 109.18 117.36 115.62 
72.98 44.64 43.50 40.44 46.10 45.71 44.14 41.93 41.08 40.87 47.57 109.64 117.59 117.52 
71.62 45.42 41.51 41.58 40.98 46.78 44.64 43.43 46.99 42.58 43.79 115.09 122.82 136.84 
71.42 45.85 40.94 41.36 42.19 45.85 43.71 43.29 46.92 42.29 41.79 114.94 122.14 137.29 
72.98 46.14 41.44 40.87 41.76 45.64 43.43 43.64 46.28 42.50 41.01 114.71 124.64 137.37 
average 72.01 46.17 42.31 40.90 42.95 46.48 44.18 42.62 44.11 41.70 44.12 112.15 120.29 126.71 
s.d 0.76 1.45 1.14 0.50 2.45 1.26 0.53 0.93 2.89 0.87 2.50 3.04 3,29 11.48 
DOP 22.11 39.43 40.43 37.95 37.38 45.40 37.95 35.51 29.55 24.82 25.89 82.93 81.05 78.96 
(pg P L-') 21.33 37.16 40.80 38.93 41.41 42.73 37.28 36.02 29.11 24.04 27.79 80.35 80.84 78.67 
22.89 36.15 41.24 38.51 41.22 42.45 37,15 36.10 28.77 24.07 29.37 79.60 79.72 80.50 
22.11 34.36 37.33 38.40 33.73 41.69 36.32 31.04 34.60 22.71 24.71 78.00 84.23 89.63 
21.33 34.87 36.68 38.02 34.94 40.68 35.31 30.31 34.61 22.34 22.05 76.78 84.55 88.02 
22.89 35.24 37.34 37.44 34.76 40.30 35.02 30.67 34.05 22.56 20.93 76.55 87.83 89.24 
average 22.11 36.20 38.97 38.21 37.24 42.21 36.50 33.27 31.78 23.42 25.12 79.03 83.04 84.17 
s.d 0.70 1.87 2.06 0.52 3.38 1.83 1.16 2.86 2.91 1.02 3.25 2.43 3.05 5.31 
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Table of DIP and DOP concentrations during short term and long term equilibration experiments in abiotic river water (Fig 5.2c and f). 
DIP 1.5 2 2.5 3 3.5 4 4.5 5 24 48 72 
(pg P L-') 45.10 42.99 46.76 38.70 39.30 33.88 30.83 39.60 42.62 15.87 14.74 
phytic acid 45.03 43.45 46.61 38.02 40.21 33.50 39.62 39.75 43.37 15.57 15.50 
44.65 43.22 46.23 37.57 40.13 32.97 39.17 40.73 43.22 15.35 15.65 
51.51 44.05 42.32 44.88 44.95 40.43 23.93 40.06 52.03 6.23 11.05 
51.36 43.30 41.26 45.71 45.03 39.83 24.46 39.75 53.01 5.78 10.83 
51.43 44.88 41.71 44.95 44.12 39.38 24.24 39.68 52.41 5.78 10.45 
G-6-P 44.43 38.96 32.63 40.36 38.55 35.69 23.48 31.39 29.04 11.73 11.05 
44.27 37.15 31.50 40.58 36.97 35.91 22.65 31.47 29.26 11.50 11.50 
44.58 36.17 31.05 39.98 37.34 35.76 22.43 31.47 29.04 11.05 11.73 
42.92 38.02 32.82 34.25 34.18 28.53 22.88 33.16 36.29 8.94 9.62 
43.22 39.15 33.88 33.58 33.65 28.08 22.65 32.11 37.34 8.49 9.39 
43.45 39.38 34.48 32.67 32.37 27.55 22.20 31.81 37.27 8.26 9.39 
average 45.99 40.89 38.44 39.27 38.90 34.29 26.55 35.92 40.41 10.38 11.74 
s.d 3.35 3.04 6.29 4.42 4.30 4.48 6.42 4.23 8.94 3.75 2.28 
185 
TDP 56.18 78.10 81.79 80.13 81.41 87.74 90.76 90.38 89.17 88.95 99.04 
(Mg P L ' ) 56.10 78.55 81.64 80.13 81.57 87.44 90.53 90.53 88.95 88.87 98.59 
56.18 78.70 81.57 79.76 81.72 87.29 90.53 90.46 88.27 88.27 98.59 
56.18 73.35 95.35 97.01 97.46 97.16 99.87 104.32 103.79 104.84 108.08 
56.10 73.88 95.28 96.41 96.86 98.29 99.50 104.24 104.32 105.30 108.46 
56.18 73.81 95.13 95.50 97.54 98.06 99.57 104.69 105.07 104.84 107.56 
56.18 84.80 89.25 94.82 96.26 113.73 96.56 109.21 109.82 116.82 111.77 
56.10 84.13 88.04 94.45 96.41 114.64 96.41 109.36 109.36 117.20 111.85 
56.18 84.28 88.57 94.52 96.48 114.26 96.48 109.06 109.06 120.82 111.70 
56.18 78.63 85.86 88.87 88.80 90.08 90.15 92.26 91.28 98.14 86.24 
56.10 78.93 84.96 88.95 88.87 90.30 90.15 92.64 91.21 98.89 85.93 
56.18 79.23 85.11 88.04 88.50 89.70 89.63 92.49 91.13 98.59 85.56 
Average 56.15 78.87 87.71 89.88 90.99 97.39 94.18 99.14 98.45 102.63 101.11 
S.d 0.04 3.98 5.23 6.67 6.66 10.90 4.23 8.25 9.07 11.26 10.43 
DOP 35.03 38.42 40.98 52.06 51.08 55.30 58.12 59.44 46.41 70.96 74.55 
(pg P L-') 35.11 38.12 40.83 52.51 50.32 55.45 49.25 58.84 45.95 72.00 74.13 
35.11 38.50 41.06 52.96 50.32 55.30 49.10 57.86 45.43 74.41 73.78 
45.50 53.41 54.84 54.99 59.36 63.36 80.91 68.03 44.90 82.07 62.05 
186 
45.05 53.56 57.03 53.79 59.21 64.49 80.83 68.71 44.22 82.52 61.88 
44.07 52.66 56.35 54.62 60.57 65.69 80.61 67.88 44.90 82.72 62.72 
50.40 57.29 81.10 56.20 70.66 74.13 93.34 80.38 79.20 65.09 54.49 
50.17 59.25 83.13 55.82 72.40 73.45 94.55 80.38 78.97 65.78 53.64 
49.95 60.31 83.21 56.50 71.72 73.30 98.39 80.23 78.90 66.17 53.28 
45.95 50.78 57.25 55.90 58.08 62.75 75.26 53.08 126.26 79.35 80.93 
45.73 49.72 56.43 56.58 58.99 63.13 76.24 53.83 125.21 80,07 80.89 
44.60 49.12 55.22 56.95 60.12 63.58 76.39 53.75 125.43 80.17 81.62 
average 43.89 50.10 58.95 54.91 60.24 64.16 76.08 65.20 73.81 75.11 67.83 
s.d 5.75 7.89 15.63 1.71 7.85 6.80 16.44 10.66 34.40 6.90 11.03 
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Appendix K 
Table of DIP and DOP concentrations during step change experiments spiked with 80 pg P L*^  orthophosphate In UHP water (Fig 5.3a). 
h 0 4 8 12 16 48 64 84 108 132 156 178 
DIP 86.22 101.65 108.41 184.60 162.93 154.44 178.10 177.67 175.02 177.74 177.53 176.90 
(pg P L-^ ) 87.52 101.91 108.24 184.08 163.28 154.00 178.02 177.58 175.09 177.39 176.97 176.21 
87.00 101.56 108.32 184.00 162.33 153.74 177.67 176.46 176.46 176.46 176.46 176.46 
98.01 111.62 126.01 227.86 224.91 218.41 220.06 221.36 217.28 220.48 220.76 232.13 
97.49 111.36 126.27 228.29 226.04 219.63 218.85 219.71 218.25 220.34 220.76 229.13 
97.75 111.53 126.09 227.86 225.43 219.19 219.28 220.23 220.23 220.23 220.23 220.23 
average 79.14 91.95 101.62 178.39 168.70 166.77 179.42 182.43 184.33 189.24 192.67 198.44 
s.d 5.95 5.37 9.75 23.98 34.30 35.61 22.71 23.67 23.61 23.64 23.88 28.01 
TDP 129.16 144.74 127.95 214,99 206.94 195.37 207.71 215.42 208.88 212.50 210.62 210.62 
(pgPL-^) 129.56 144.91 127.60 214.65 206.51 193.32 206.60 215.34 205.69 211.70 208.59 208.59 
129.08 144.57 127.43 214.74 206.94 195.03 206.51 214.56 214.56 214.56 214.56 214.56 
129.27 144.74 127.66 214.79 206.80 194.57 206.94 215.11 207.28 212.10 209.60 209.60 
127.95 138.83 159.39 267.43 270.17 260.23 256.37 261.34 264.50 262.83 265.51 273.56 
126.75 139.08 159.65 267.43 269.05 261.00 256.12 264.00 264.93 262.47 263.26 273.92 
127.35 138.74 158.88 266.23 268.20 260.23 256.12 261.69 261.69 261.69 261.69 261.69 
DOP 42.94 43.09 19.54 30.39 44.01 40.94 29.61 37.75 33.86 34.76 33.09 33.71 
(pg P L') 42.04 43.00 19.37 30.57 43.23 39.31 28.58 37.75 30.60 34.31 31.61 32.38 
42.08 43.01 19.11 30.74 44.61 41.29 28.84 38.11 38.11 38.11 38.11 38.11 
31.26 33.12 1.66 39.13 44.12 40.60 37.52 41.63 46.24 42.48 44.74 38.11 
30.46 27.47 33.12 39.13 44.13 40.60 37.53 41.63 46.24 42.48 44.75 44.43 
29.00 27.56 33.55 39.57 43.62 41.81 36.84 43.77 44.70 42.23 43.03 53.69 
Average 36.30 36.21 21.06 34.92 43.95 40.76 33.15 40.11 39.96 39.06 39.22 40.07 
s.d 6.68 7.75 11.72 4.78 0.48 0.84 4.56 2.57 6.78 3.88 5.87 7.90 
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Table of DIP and DOP concentrations during step change experiments spiked with 80 Mg P L'^  orthophosphate in biotic river water (Fig 5.3b). 
h 0 4 8 12 16 48 64 84 108 132 156 178 
DIP 0.00 4.00 8.00 12.00 16.00 48.00 64.00 84.00 108.00 132.00 156.00 178.00 
(Mg P L') 55.68 69.10 89.57 80.00 93.81 119.58 119.46 150.17 123.05 149.30 171.06 195.64 
56.10 73.73 90.52 76.63 94.05 119.97 119.78 154,23 123.42 148.72 171.49 194.99 
56.10 74.35 89.50 75.45 94.05 118.72 121.35 154.23 123.42 148.72 171.49 194.99 
55.68 60.94 67.37 80.55 75.53 80.79 82.75 137.92 108.04 136.11 118.41 198.03 
56.10 60.78 65.88 80.32 75.14 79.06 81.65 135.60 108.04 135.31 119.14 197.09 
average 56.10 60.70 63.53 80.55 74.35 77.88 82.28 135.60 108.04 135.31 119.14 197.09 
s.d 55.96 66.60 77.73 78.92 84.49 99.33 101.21 144.63 115.67 142.25 145.12 196.31 
TDP 0.00 4.00 8.00 12.00 16.00 48.00 64.00 84.00 108.00 132.00 156.00 178.00 
(ng P L') 86.50 128.49 140.02 151,12 149.45 157.72 161.34 231.68 231.83 228.71 212.47 242.85 
86.14 127.98 140.31 149.67 147.93 158.08 160.91 232.55 232.84 230.74 211.89 242.27 
86.32 128.24 140.17 150.39 148.69 157.90 161.12 232.12 232.34 229.72 212.18 242.56 
71.86 108.33 111.31 125.37 123.27 122.47 150.61 180.85 176.21 177.51 178.96 251.04 
71.49 107.97 110.58 124.72 122.62 122.62 151.19 180.78 176.57 176.79 177.15 182.42 
71.68 108.15 110.94 125.05 122.94 122.55 150.90 180.81 176.39 177.15 178.06 216.73 
DOP 30.83 59.39 50.45 71.11 55.64 38.14 41.88 81.51 108.77 79.41 41.41 47.21 
(MgPL') 30.04 54.26 49.80 73.04 53.88 38.11 41.13 78.32 109.43 82.02 40.39 47.28 
30.23 53.88 50.67 74.94 54.64 39.18 39.78 77.88 108.92 81.00 40.68 47.57 
16.18 47.39 43.93 44.82 47.74 41.69 67.86 42.93 68.17 41.41 60.55 53.01 
15.40 47.19 44.70 44.40 47.48 43.56 69.54 45.18 68.53 41.48 58.01 53.00 
15.58 47.45 47.41 44.49 48.59 44.66 68.62 45.21 68.35 41.84 58.92 59.00 
Average 23.04 51.59 47.83 58.80 51.33 40.89 54.80 61.84 88.69 61.19 49.99 51.18 
s.d 8.03 5.05 2.97 15.63 3.78 2.84 15.22 19.12 22.29 21.50 10.08 4.73 
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Appendix L 
Table of DIP and DOP concentration changes during step change experiments with UHP water, biotic river water and abiotic river water spliced 
with 80 Mg P L'^  G-6-P (Fig 5.4a b and c). 
h 0 4 8 12 16 48 64 84 108 132 
(Mllli-Q) 108.20 108.35 131.16 153.96 132.82 139.87 138.41 151.20 142.14 149.22 
DIP 108.80 109.41 131.38 150.70 134.26 140.25 140.77 151.58 142.37 149.67 
(pg P L ' ) 109.26 108.58 132.52 150.32 134.03 139.64 139.25 150.89 141.91 149.52 
103.73 147.75 153.66 170.48 176.39 122.22 114.51 149.37 139.70 139.48 
102.51 147.07 152.60 175.78 177.75 122.75 114.66 148.99 138.94 141.76 
101.76 148.05 152.75 171.31 176.99 122.59 115.65 148.00 142.22 140.31 
average 105.71 128.20 142.34 162.09 155.37 131.22 127.21 150.00 141.21 144.99 
s.d 3.41 21.28 11.69 11.64 23.75 9.53 13.46 1.42 1.49 4.96 
TDP 188.51 218.13 217.68 220.25 214.95 235.03 230.44 247.64 232.80 262.86 
(pg P L ' ) 188.35 215.71 217,90 220.71 215.86 235.71 226.33 250.61 233.86 263.85 
189.11 216.16 217.98 220.86 214.95 236.54 227.55 249.62 235.92 265.68 
157.75 271.32 256.31 261.69 301.32 232.15 228.92 270.78 250.30 257.76 
157.44 272.15 257.38 262.22 303.44 232.60 235.01 271.16 253.04 259.13 
157.75 272.30 257.60 263.51 305.26 232.75 231.96 272.15 252.97 261.42 
Average 173.15 244.29 237.47 241.54 259.29 234.13 230.03 260.33 243.15 261.78 
190 
s.d 16.99 30.28 21-50 22.94 48.26 1.86 3.15 12.14 9.91 2.96 
DOP 80.31 109.78 86.52 66.29 82.13 95.16 92.03 96.44 90.66 113.64 
79.55 106.29 86.52 70.00 81.59 95.46 85.56 99.03 91.50 114,18 
79.85 107.58 85.46 70.53 80.91 96.90 88.30 98.73 94.01 116.16 
54.02 123.57 102.66 91.22 124.93 109.93 114.41 121.41 110.60 118.29 
54.93 125.08 104.78 86.44 125.69 109.85 120.34 122.17 114.10 117.37 
55.99 124.25 104.85 92.20 128.27 110.16 116.31 124.15 110.75 121.10 
Average 67.44 116.09 95.13 79.45 103.92 102.91 102.82 110.32 101.94 116.79 
s.d 13.67 9.07 9.86 11.76 24.54 7.77 15.80 13.48 10.95 2.77 
biotic riv rer water 
h 0 4 8 12 16 48 64 84 108 132 
DIP 111.83 100.62 101.68 124.26 115.02 123.35 115.27 124.56 135.37 140.39 
(M9PL') 111.46 100.85 101.53 124.49 114.87 122.29 115.73 124.79 136.58 140.54 
111.61 100.70 101.61 123.88 115.25 122.37 116.03 124.79 135.90 140.92 
145.17 136.91 131.23 164.64 168.66 164.64 152.26 162.31 171.67 193.51 
145.40 137.90 131.69 164.34 169.72 164.72 152.03 162.54 171.75 193.51 
145.40 137.07 131.16 165.02 169.64 163.43 152.72 162.77 171.67 193.74 
Average 128.48 119.01 116.48 144.44 142.19 143.47 134.01 143.62 153.82 167.10 
s.d 18.45 20.03 16.30 22.16 29.74 22.79 20.08 20.72 19.58 29.01 
191 
TDP 163.28 203.66 191.92 222.83 196.76 201.01 222.83 226.10 249.01 250.38 
(Mg P L ') 163.66 204.57 190.85 223.81 196.69 201.31 223.67 225.95 249.01 249.85 
163.73 204.49 190.70 222.07 198.28 200.70 221.61 226.41 247.64 248.86 
200.33 259.04 252.22 258.81 263.13 262.38 255.63 272.68 280.22 288.82 
198.66 259.80 252.37 259.72 263.66 262.60 255.33 272.98 280.44 288.74 
198.89 259.19 251.77 258.59 262.60 262.30 254.49 272.76 279.83 288.28 
Average 181.42 231.79 221.64 240.97 230.19 231.72 238.93 249.48 264.36 269.15 
s.d 19.58 30.19 33.39 19.81 36.09 33.64 17.79 25.55 17.32 21.32 
DOP 51.44 103.04 90.23 98.57 81.75 77.66 107.56 101.54 113.64 109.99 
52.20 103.72 89.32 99.32 81.82 79.02 107.94 101.16 112.43 109.31 
52.13 103.79 89.10 98.19 83.03 78.34 105.58 101.62 111.74 107.94 
55.16 122.13 120.99 94.17 94.47 97.73 103.37 110.37 108.54 95.30 
53.26 121.90 120.69 95.38 93.94 97.88 103.29 110.45 108.70 95.23 
53.49 122.13 120.61 93.57 92.96 98.87 101.77 109.99 108.16 94.54 
Average 52.95 112.78 105.16 96.53 88.00 88.25 104.92 105.86 110.54 102.05 
s.d. 1.32 10.16 17.10 2.46 6.38 10.87 2.51 4.84 2.35 7.73 
Abiotic r ver water 
DIP 1 8.04 13.76 25.14 31.74 36.41 35.58 56.68 55.34 85.90 89.54 
192 
8.04 13.61 25.11 32.42 38.37 36.19 57.88 51.42 87.55 89.87 
8.04 14.29 28.65 . 32.42 38.97 36.41 57.43 59.39 87.64 88.88 
11.05 10.15 22.93 21.19 26.54 39.65 46.88 52.87 72.42 82.43 
11.96 9.39 22.32 19.76 24.89 40.48 45.45 53.93 71.84 81.60 
12.18 8.94 22.40 19.01 25.11 40.93 45.30 53.85 71.51 81.10 
Average 9.88 11.69 24.43 26.09 31.72 38.21 51.60 54.47 79.48 85.57 
s.d 2.06 2.45 2.43 6.73 6.87 2.40 6.31 2.74 8.30 4.26 
TDP 62.75 77.95 123.39 132.95 131.49 131.55 119.48 123.69 135.27 142.63 
(pg P u-') 62.49 77.68 123.79 133.48 132.35 131.29 119.88 125.51 135.19 142.55 
62.82 77.55 125.45 131.88 131.35 132.95 119.54 126.42 136.01 143.04 
78.61 72.51 120.74 118.28 107.54 105.68 102.36 109.30 112.36 119.31 
79.34 72.64 120.67 118.22 107.80 105.41 102.03 110.13 113.02 118.65 
78.94 72.91 120.81 118.22 107.34 105.75 102.56 109.14 112.61 118.48 
70.83 75.21 122.48 125.50 119.64 118.77 110.98 117.37 124.08 130.78 
8.14 2.53 1.85 7.28 12.09 13.17 8.66 7.89 11.42 11.97 
DOP 54.72 124.18 98.25 101.21 95.07 95.97 62.80 68.35 49.37 53.09 
(pgPL-') 54.45 124.07 98.68 101.06 93.98 95.10 61.99 74.09 47.63 52.68 
54.78 123.26 96.80 99.47 92.38 96.53 62.11 67.03 48.38 54.16 
67.56 122.36 97.81 97.09 80.99 66.03 55.48 56.43 39.94 36.88 
193 
67.38 113.25 98.35 98.46 82.92 64.93 56.58 56.20 41.18 37.05 
66.76 113.96 98.41 99.21 82.23 64.81 57.26 55.29 41.10 37.38 
Average 60.94 120.18 98.05 99.41 87.93 80.56 59.37 62.90 44.60 45.21 
s.d 6.90 5.14 0.68 1.57 6.53 16.78 3.27 7.96 4.29 8.89 
Table of DIP and DOP concentration 
with 80 pg P L'^  phytic acid (Fig 5.4d 
changes during step change experiments with UHP water, biotic river water and abiotic river water spiked 
e and f). 
h 0 4 8 12 16 48 64 84 108 132 134 144 
Milli-Q 72.33 75.76 79.27 86.67 80.41 98.10 78.42 83.52 81.60 94.44 98.72 104.26 
DIP 71.65 75.30 78.89 88.11 80.11 97.87 76.87 82.70 80.93 93.70 98.58 103.82 
(MgPL-^) 72.18 75.30 78.66 85.90 80.03 97.64 76.87 82.19 80.05 94.00 98.80 103.37 
77.56 84.42 90.36 86.25 84.27 102,33 91.39 87.77 88.95 100.84 100.91 111.10 
77.63 85.26 90.97 86.48 84.65 102.94 92,27 87.62 90.57 100.91 101.06 110.88 
78.62 85.41 90.59 86.48 85.10 102.79 92.42 87.77 89.54 100.84 100.84 110.14 
Average 77.94 85.03 90.64 86.40 84.67 102.69 92.03 87.72 89.69 100.86 100.93 110.70 
s.d 3.17 5.13 6.26 0.70 2.41 2.58 7.85 2.66 4,77 3.65 1.20 3.70 
TDP 97.54 109.67 101.00 113.13 106.12 131.06 104.70 116.14 112.60 126.41 125.15 134.16 
(pgPL-') 97.31 109.67 100.78 112.83 106.35 130.76 101.75 116.00 112.08 127.00 124.56 134.23 
194 
97.24 109.44 100.55 113.21 105.82 131.21 103.37 116.22 112.31 126.11 124.56 134.08 
113.72 127.20 141.97 123.13 123.21 154.10 144.10 128.89 139.74 138.26 137.53 166.83 
113.49 126.15 142.87 123.51 122.53 153.95 144.32 129.11 140.55 138.85 137.67 167.72 
113.64 126.52 142.50 125.62 121.63 154.10 144.54 129.48 140.26 138.41 138.41 167.50 
DOP 25.21 33.90 21.73 26.47 25.71 32.96 26.28 32.63 31.01 31.97 26.43 29.90 
(pg P L ' ) 25.67 34.36 21.89 24.72 26.24 32.89 24.88 33.29 31.15 33.29 25.99 30.41 
25.06 34.13 21.89 27.30 25.79 33.57 26.50 34.03 32.26 32.11 25.76 30.71 
36.16 42.78 51.60 36.89 38.94 51.76 52.71 41.12 50.79 37.43 36.62 55.74 
35.86 40.89 51.90 37.03 37.89 51.00 52.04 41.49 49.98 37.94 36.62 56.84 
35.02 41.12 51.90 39.14 36.52 51.30 52.12 41.71 50.72 37.58 37.58 57,36 
Average 30.49 37.86 36.82 31.93 31.85 42.25 39.09 37.38 40.98 35.05 31.50 43.49 
s.d 5.70 4.14 16.41 6.42 6.55 9.98 14.47 4.47 10.43 2.89 5.97 14.42 
Biotic r\\ /er water 
DIP 77.29 75.30 87.28 84.30 87.50 97.11 61.29 76.50 75.54 90.38 92.30 97.10 
(pg P L-^ ) 77.36 75.30 87.43 84.38 87.05 96.96 61.44 76.58 74.95 90.23 92.30 96.51 
77.06 75.30 86.97 84.15 87.28 96.65 61.00 75.91 75.69 89.79 91.78 96.58 
78.89 80.34 86.82 88.27 94.52 105.34 79.82 85.51 85.73 105.29 106.77 103.89 
78.66 79.80 86.74 88.27 94.82 105.50 79.97 85.29 85.21 104.11 104.85 103.89 
78.66 80.18 86.51 88.04 94.75 105.12 80.56 86.10 84.92 104.70 104.55 103.37 
195 
Average 77.99 77.71 86.96 86.23 90.99 101.11 70.68 80.98 80.34 97.42 98.76 100.22 
s.d 0.83 2.64 0.34 2.15 4.07 4.61 10.34 5.11 5.43 7.99 7.31 3.84 
TDP 111.10 109.44 133.55 131.89 124.28 117.73 119.84 117.25 111.72 119.17 116.96 128.62 
(pg P L ' l 110.87 109.59 133.70 131.74 124.05 118.10 120.57 116.51 111.57 119.32 117.03 128.40 
110.72 109.89 133.77 132.04 123.98 118.10 119.54 117.03 111.35 119.98 116.96 128.33 
117.80 115.77 136.94 137.61 136.03 137.61 133.20 133.12 135.41 140.06 143.90 147.15 
117.88 115.99 137.16 137.39 135.88 137.92 133.20 132.98 135.56 140.21 143.98 147,22 
118.03 115.99 137.24 136.94 135.88 137.69 132.98 132.83 135.49 140.51 143.68 147.45 
DOP 33.81 34.13 46.27 47.59 36.78 20.62 58.54 40.75 36.17 28.79 24.66 31.52 
(Mg P L-') 33.51 34.29 46.27 47.36 37.01 21.15 59.13 39.94 36.62 29.09 24.73 31.89 
33.66 34.59 46.80 47.89 36.70 21.45 58.54 41.12 35.66 30.19 25.17 31.74 
38.91 35.43 50.12 49.35 41.51 32.27 53.37 47.62 49.68 34.77 37.13 43.26 
39.22 36.19 50.42 49.12 41.06 32.42 53.23 47.69 50.35 36.10 39.13 43.33 
39.37 35.81 50.73 48.90 41.14 32.57 52.41 46.73 50.57 35.80 39.13 44.07 
Average 36.41 35.07 48.44 48.37 39.03 26.75 55.87 43.97 43.17 32.46 31.66 37.64 
s.d 3.02 0.86 2.19 0.86 2.42 6.22 3.16 3.73 7.71 3.46 7.49 6.49 
Abiotic r ver water 
DIP 1 8.49 11.28 7.74 8.04 7.44 11.05 10.15 14.62 22.06 21.32 30.91 37.11 
196 
(Mg P L ' ) 8.34 11.73 7.36 7.81 7.51 11.28 10.37 15.12 21.32 20.49 30.25 36.45 
8.49 12.18 6.98 8.04 7.21 11.35 10.37 15.12 21.40 19.91 29.75 36.37 
8.72 13.46 9.62 8.94 12.71 14.44 26.87 31.32 40.59 36.20 45.96 51.58 
8.72 13.31 9.85 8.94 12.86 15.20 30.34 33.39 41.83 37.36 46.95 51.83 
8.64 13.31 9.85 9.24 13.54 15.42 31.47 33.56 41.91 37.77 46.87 51.67 
Average 8.57 12.55 8.57 8.50 10.21 13.12 19.93 23.85 31.52 28.84 38.45 44.17 
s.d 0.15 0.94 1.34 0.61 3.11 2.10 10.66 9.79 10.88 9.08 8.94 8.25 
TDP 79.34 66.40 89.56 97.32 103.82 90.82 91.02 82.10 89.79 87.72 90.53 79.86 
(pg P L-') 79.01 66.47 90.15 96.79 103.22 90.82 90.75 81.52 89.95 87.80 90.12 78.71 
79.47 66.47 89.89 96.72 103.76 91.02 90.35 80.69 89.79 88.38 90.20 79.04 
69.52 71.58 107.07 109.66 104.35 103.09 97.52 96.32 94.75 93.67 97.81 90.78 
69.32 71.64 107.47 110.79 103.95 103.49 97.72 95.74 95.00 93.92 97.64 89.95 
69.72 71.71 107.87 111.12 104.29 103.56 97.72 96.65 94.91 93.92 97.15 90.61 
74.40 69.05 98.67 103.73 103.90 97.13 94.18 88.84 92.36 90.90 93.91 84.83 
5.35 2.85 9.65 7.46 0.41 6.85 3.81 8.12 2.76 3.23 3.98 6.18 
DOP 70.85 55.13 81.82 89.28 96.39 79.77 80.87 67.48 67.73 66.40 59.62 42.75 
(pg P L ' ) 70.67 54.74 82.79 88.98 95.71 79.54 80.38 66.40 68.63 67.31 59.87 42.26 
70.98 54.29 82.91 88.68 96.55 79.66 79.98 65.58 68.39 68.47 60.45 42.67 
60.81 58.12 97.45 100.72 91.64 88.65 70.65 65.00 54.16 57.47 51.85 39.20 
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Average 
s.d 
60.61 
61.08 
65.83 
5.48 
58.33 
58.40 
56.50 
1.97 
97.62 
98.02 
90.10 
8.33 
101.85 
101.88 
95.23 
6.86 
91.09 
90.75 
93.69 
2.80 
88.29 
88.13 
84.01 
4.77 
67.38 
66.25 
74.25 
6.90 
62.35 
63.09 
64.98 
1.95 
53.17 
53.01 
60.85 
8.12 
56.56 
56.15 
62.06 
5.89 
50.69 
50.28 
55.46 
4.99 
38.12 
38.95 
40.66 
2.12 
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